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ABSTRACT 
Performance Enhancement of Opto-electronic Oscillators using Photonic Bandgap 
Phase and Mach-Zehnder Modulators 
 
Francis T. Pantano 
 
Under Supervision of Afshin S. Daryoush, PhD 
 
 
 
 
Highly stable oscillators are an important component in heterodyne receivers used 
in telecommunications, remote sensing, and instrumentation. Stable oscillators require high 
quality factor (Q) resonators that are challenging at radio frequencies of above 1GHz. The 
opto-electronic oscillators (OEO) using long low-loss fiber optic (FO) delay lines are 
developed for stable local oscillators for a variety of radio frequency (RF) applications at 
frequencies of 10 GHz and above. The OEO takes advantage of optical modulation by 
stable RF signal before transmission over kilometer long fiber spools. 
The optical modulation is being done using phase modulation, or interferometric 
modulation using the Mach-Zehnder modulator (MZM). The phase sensitivity of the phase 
modulator (PM) and its losses influence the behavior of the PM or MZM, which is a critical 
component to the overall performance of FO delay line in the OEO, and particularly for 
the forced oscillation neucleation noise of the OEOs using self-injection locking (SIL) and 
self-phase locking (SPLL). To improve on sensitivity of the optical modulators, photonic 
bandgap (PBG) based PM and MZM structures are considered with electro-optic (EO) 
polymers to increase the modulation efficiency and modulation bandwidth using integrated 
Si-photonics structures.  
 
xi 
 
This thesis covers the modeling and performance of the OEO with both PBG based 
and the conventional realization of PMs and MZMs each with various insertion loss and 
half-wave voltage performance characteristics. The half-wave voltage, Vπ, of the 
modulators is the voltage necessary to achieve a π radian (180o) phase shift. The phase 
noise and frequency stability at close-in and far away from carrier is analyzed with MZMs 
operating at the quadrature point (Vπ/2) and their impact is demonstrated on the overall 
SILPLL OEO performance. The previously developed and experimentally demonstrated 
self-injection locked phase locked loop (SILPLL) OEO is used and the performance is 
predicted when a PBG based modulator with a Vπ of 2.17V and optical insertion loss of 
1.6dB is used. The forced oscillation techniques of SIL and SPLL are also modeled to 
reduce the close-in to carrier phase noise of a 10GHz OEO. A Sagnac loop topology is 
analyzed and modeled as a method of performing the PM-IM conversion for the PM based 
OEO. The simulated phase noise performance for the PBG based PM is -149.6dBc/Hz as 
compared to -142.8dBc/Hz at 10kHz offset frequency for a conventional Lithium Niobate 
(LN) PM. At 10MHz offset frequency, the simulated phase noise is dominated by the 
amplitude noise of the FO delay line and for the PBG based PM is -166.5dBc/Hz compared 
to -158.3dBc/Hz for the conventional LN based PM. For the PBG based MZM, the 
simulated phase noise is -146.9dBc/Hz compared to -144.0dBc/Hz for the conventional 
MZM and -163.8dBc/Hz compared to -160.9dBc/Hz at offset frequency of 10kHz and 
10MHz respectively.  
Time domain analyses of the Allan deviation and timing jitter are performed for 
each modulator and OEO topology. The Allan deviation at a sampling time of 10ms for the 
PBG based PM in the Sagnac loop SILPLL OEO was estimated to be 1.80x10-12, with an 
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improvement from 2.80x10-12 for the conventional PM. Using the same topology, a jitter 
of 11.2fs was estimated, improving on calculated jitters of the conventional PM by 17.3fs. 
For the PBG based MZM in the SILPLL forced OEO, the Allan deviation at a sampling 
time of 10ms was calculated to be 2.47x10-12, improving by 2.40x10-12 from the 
conventional PM. A jitter of 15.3fs is expected, reducing by 14.9fs from the conventional 
PM’s jitters. An analytical modeling and performance enhancement of both the standard 
and SILPLL OEO were presented in this thesis. Recommendation for experimental 
validations is also made in this thesis. 
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CHAPTER 1: INTRODUCTION 
The oscillator is a fundamental element of modern communication systems. The 
telecommunications industry has grown rapidly since its inception and it is thoroughly 
established in today’s society. The ability to develop constantly improving communication 
systems starts at the material level, where the improvements propagate through the 
component and system levels, enabling improved designs and, ultimately, device 
capabilities. These improvements satisfy the constantly evolving demands of the world, 
allowing faster and more accessible global communication. 
Optical communication systems have become a core element of 
telecommunications. Fiber optic links form the basis of radio over fiber (RoF) networks 
that allow long-haul, high-fidelity communication to occur. In these systems, a data-
carrying radio frequency (RF) signal is used to modulate a lightwave that then travels 
through a potentially long length of optical fiber to reach the receiver for the information 
to be extracted. RoF systems also benefit from having a large bandwidth and being immune 
to electromagnetic interference (EMI) [1]. 
 
 
 
Figure 1-1: Radio over fiber system architecture [1] 
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 The electrical information can be modulated onto the lightwave by using an electro-
optic (EO) modulator. These broadband modulators make use of the birefringence of EO 
materials in order to induce a phase shift in the passing lightwave that is proportional to 
the electric field in the optical waveguide. With an appropriate EO material selection, 
Pockel’s effect can be utilized in order for the index of refraction of the optical waveguide 
to change linearly with the applied electric field. This electric field is present due to the RF 
signal that is applied as an input to the EO modulator. This idea forms the basis of the EO 
phase modulator (PM). It is also possible to create an intensity modulator (IM) that is based 
off these same principles. By using what is called a Mach-Zehnder interferometer (MZI) 
topology, the incident light signal is split into two paths where one path is phase modulated. 
The light from the two paths are then recombined. Based on the phase difference between 
the two paths at the point of recombination, the intensity of the output light is varied. 
 
 
 
Figure 1-2: Diagram of a Mach-Zehnder modulator [2] 
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The choice of material for EO phase and intensity modulators is essential in order 
to achieve a small modulating voltage, large bandwidth operation, and a low optical 
transmission loss. The most widely used material in commercially available modulators 
today is Lithium Niobate (LN). Despite its great functionality and performance, there is 
much room for improvement of the modulator characteristics that is held back by these 
material properties. The use of photonic bandgap (PBG), or synonymously, photonic 
crystal (PhC) structures allows the designer to improve the overall performance of the 
modulator in comparison to the now standard LN modulators. 
The opto-electronic oscillator (OEO) was designed in order to dramatically 
improve the phase noise characteristics of electronic oscillators while achieving an 
oscillation frequency in the X band and beyond. The OEO is composed of a fiber optic link 
with a long fiber delay line where the electrical output is fed back to modulate the 
lightwave. The total loop gain of the OEO must be unity and the phase shift of the loop 
must be an integer multiple of 2π. These conditions are called the Barkhausen criterion. 
The long fiber delay line is the main element that provides the substantial phase noise 
reduction due to the large time delay, and thus large quality factor (Q). 
There are two frequency stabilization techniques of note that has been demonstrated 
for both electrical and opto-electronic oscillators. These techniques are self-injection 
locking (SIL) and the self-phase locked loop (SPLL). The process of SIL uses a portion of 
the output of the oscillator and passes it through a high Q element. This signal is then fed 
back into the oscillator to increase the spectral purity of the oscillating signal. The SPLL 
uses a delayed version of the oscillator output and compares it to the phase of the current 
signal. The error signal that arises from the difference in phase of the two signals is then 
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used to constantly tune the frequency of oscillation. This process naturally improves the 
phase noise characteristics of the oscillator. These two techniques have been combined and 
demonstrated in the SILPLL OEO [3,4]. 
The primary objective of this thesis is to analytically evaluate the performance 
enhancement of the SILPLL OEO using PBG phase and Mach-Zehnder modulators. This 
is the first time this research has been reported, to the best of my knowledge. To show the 
methodology and results of this research, this thesis is outlined as follows: Chapter 2 is the 
review of literature, highlighting the essential background material and results that have 
led to the work presented in the following chapters. Chapter 3 covers the modeling of both 
bulk EO crystal and PBG based phase modulators and the modeling of these devices in 
both the standard OEO and SILPLLbased forced OEO. Chapter 4 explores the bulk and 
PBG based Mach-Zehnder modulators and the use of these modulators in both the standard 
OEO and SILPLL OEO. Chapter 5 summarizes this work and makes recommendations for 
future work. Appendix A provides an example MATLAB code used to obtain the OEO 
phase noise, Allan deviation, and timing jitter. Appendix B discusses the distortion present 
in the Sagnac loop. Appendix C compares the gain, noise figure, and noise floor associated 
with both a MZM based fiber optic link and a Sagnac loop based fiber optic link. Appendix 
D covers the method used to calculate the Allan deviation and the significance of the 
results. Appendix E explains the impact of clock jitter on ADC performance. Appendix F 
provides a list of symbols used in this thesis. 
  
 
5 
 
CHAPTER 2: REVIEW OF LITERATURE 
 The focus of this chapter is to introduce the essential background material regarding 
PBG structures, EO phase and Mach-Zehnder modulators, and opto-electronic oscillators. 
Key achievements are highlighted and explained as they pertain to this thesis. An overview 
of EO modulators is presented, followed by an introduction to PBG structures. Several 
designs of PBG EO phase and Mach-Zehnder modulators are covered and the notable 
performance characteristics are detailed. The basic dynamics of most rudimentary OEO, 
here referred to as the standard OEO, are then covered. The forced oscillation techniques 
of self-injection locking (SIL) and self-phase locked loop (SPLL) are discussed as methods 
of improving the phase noise of the standard OEO. Phase modulation to intensity 
modulation (PM-IM) conversion techniques are examined in order to convert the output of 
the PM into an intensity modulated signal. Finally, the goals of this thesis are listed. 
 
2.1 Electro-Optic Modulators 
2.1.1 Principals of Electro-Optic Modulation  
EO Modulators are used to change either the intensity, phase, frequency, or 
polarization of a light wave by means of an applied electrical signal. These modulators can 
perform a great variety of functions, depending on the type of modulator and the applied 
electrical signal. This class of modulators take advantage of the electro-optic effect, 
allowing for a larger modulation bandwidth than other classes of optical modulators such 
as acousto-optic [5] and direct light modulators [6]. 
By imposing an electric field on a travelling lightwave by means of an applied 
voltage, the optical properties of the optical waveguiding medium are altered. The effect 
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of the electric field on optical transmission media can manifest by either changing 
permittivity and the refractive index of the material, or by changing its absorption, 
depending on the optical transmission medium and the modulator topology. The change of 
the refractive index and permittivity can be divided into two effects: the linear EO effect 
(Pockels effect) and the quadratic EO effect (Kerr effect). 
The linear EO effect, or Pockels effect, is present in materials that do not have a 
center of symmetry (non-centrosymmetric) [5]. The most notable materials exhibiting this 
property are Lithium Niobate (LN), Potassium diHydrogen Phosphate (KDP), and Gallium 
Arsenide (GaAs). In general, for a non-centrosymmetric crystal, the linear dependence of 
the refractive index, 𝑛, with respect to the applied electric field is given by equation 2.1 
[5]: 
 
         ∆ (
1
𝑛2
)
𝑖
= ∑ 𝑟𝑖𝑗𝐸𝑗𝑗   
𝑖 = 1, … ,6
𝑗 = 𝑥, 𝑦, 𝑧 = 1,2,3
                   (2.1) 
 
 
where 𝑟𝑖𝑗 is the ijth element of the linear EO tensor, and x,y, and z are orthogonal directions 
composing the 3-space of the crystal. This equation can be simplified by assuming the 
electric field is only present in the z direction, with the relevant component of the EO tensor 
being r33, referred to here as r. The change in refractive index is then represented as [7]: 
 
 
   ∆𝑛 =  −
1
2
𝑛3𝑟𝐸                   (2.2) 
 
 
 The quadratic EO effect, or Kerr effect, is present in all crystals. However, in non-
centrosymmetric crystals where Pockels effect is present, the Kerr effect is typically 
negligible despite its quadratic dependence on the electric field. Through the careful 
exploitation of these EO effects, optical modulators can be developed. 
 
7 
 
2.1.2 Conventional Electro-Optic Modulators 
 Phase and intensity EO modulators (PM and IM, respectively) are commonly used 
for a variety of applications in communications, signal processing, and sensing [8-10]. For 
the EO modulators that use Pockels effect to perform the modulation, the PM is the simpler 
of the two. Thus, the design and characteristics of the PM will be discussed first and these 
concepts will then be extended to the case of the IM. 
 The primary operating principle of the Pockels effect-based PM is that the change 
in the refractive index of the optical transmission medium produces a phase shift in the 
optical wave that travels through the applied electric field. There are two overarching types 
of PM that can be designed: lumped and traveling-wave. The lumped modulator can further 
be subdivided and classified as either longitudinal or transverse. For the longitudinal PM, 
the applied voltage is parallel to the optical wave vector. For the transverse PM, the voltage 
is applied voltage is perpendicular to the optical wave vector as shown in Figure 2-1 [5]. 
 
 
 
Figure 2-1: Topology of longitudinal (left) and transverse (right) lumped PMs [5] 
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 It is apparent that the lumped modulator can be modeled as a capacitor formed by 
the EO crystal surrounded by the electrodes. As such, the time constant formed by the 
capacitance, 𝐶0, and the load resistance, R, significantly limits the modulation bandwidth 
that can be achieved. To circumnavigate this bandwidth limitation, a traveling-wave 
topology can be used as shown in Figure 2-2 [11]. 
 
 
 
Figure 2-2: Traveling-wave PM using a LN optical waveguide [11] 
 
 
 For the traveling-wave modulator, the electrodes are used as a transmission line. 
The bandwidth becomes limited by the velocity mismatch between the optical wave and 
modulating RF wave. This concept can be intuitively understood by visualizing the two 
waves as they propagate along the modulator. The light that enters the modulator should 
experience the same electric field for the entirety of the time it is traveling through the 
modulator. If the light is faster than the RF signal, the light will experience a varying 
electric field as it propagates. Thus, the phase shift experienced by the light is less than 
desired. That is to say, the phase modulation index, also known as the peak phase deviation, 
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of the PM is reduced with a velocity mismatch between the optical and RF waves. A 
comparison of the bandwidth formulae for the lumped and traveling wave modulators is 
given in Table 2-1 [11], where 𝑛𝑚 is the effective refractive index for the modulating wave, 
𝑛ℓ is the effective refractive index for the light wave, c is the speed of light in a vacuum, 
and L is the length of EO crystal. 
 
 
Table 2-1: Comparison of bandwidth formulae for lumped and traveling-wave PMs 
[11] 
 
 Lumped Traveling-wave 
Bandwidth, Δf 1
𝜋𝑅𝑛𝑚2 𝐶0𝐿
 
1.4𝑐
𝜋𝑛𝑚 |1 − (
𝑛ℓ
𝑛𝑚
)|
 
  
 
 
 From these analytical expressions, the bandwidth limits of each topology can be 
quantified. The previously stated limitations of the lumped and traveling-wave modulators 
are clearly shown through these equations. The frequency response of a lumped modulator 
and a traveling-wave modulator were analytically modeled and measured as shown in 
Figure 2-3 [11]. The bandwidth of the lumped modulator was 2.3GHz, while the traveling-
wave modulator achieved a bandwidth of 6.6GHz. 
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Figure 2-3: Measured and calculated frequency response of lumped and traveling-
wave modulators [11] 
 
 
 
Another important figure of merit for EO modulators using Pockels effect is the 
half-wave voltage, Vπ, which is defined as the voltage necessary in order to achieve a phase 
shift of π. A generic analytical expression for Vπ in phase modulators is [7]: 
 
 
𝑉𝜋 =
𝜆0
2𝑛3𝑟
1
𝐿
∬ 𝑑𝑥𝑑𝑦 𝐼(𝑥,𝑦)
∬ 𝑑𝑥𝑑𝑦
𝐸(𝑥,𝑦)
𝑉
𝐼(𝑥,𝑦)
,                                 (2.3) 
 
 
Where n and r are the effective refractive index and EO coefficient of the optical material, 
respectively, 𝜆0 is the optical carrier wavelength, L is the length of the PM, I(x,y) is the 
intensity distribution of the optical mode, and E(x,y)/V is the electric field per volt applied 
to the electrodes. Equation 2.3 can be simplified in the case of the EO polymer-based 
modulator to the following: 
 
 
    𝑉𝜋 =
𝜆0𝑑
2𝑛𝑜𝑝𝑡
3 𝑟Γ𝐿
         (2.4) 
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where Γ is defined as the signal electric field in the optical waveguide normalized to the 
field that would be present with air as the dielectric [12]. The half-wave voltage is an 
incredibly important figure of merit for EO modulators as it directly affects the modulation 
index of the modulator,  Γ𝑚, which is given by [5]: 
 
 
        Γ𝑚 =
𝜋𝑉𝑚
𝑉𝜋
         (2.5) 
 
 
where 𝑉𝑚 is the peak modulating voltage. While the Vπ figure is important on its own, 
another figure of merit, VπL, provides additional insight into the overall performance of 
the modulator, where L is the length of the electrodes. This figure of merit serves as a 
simple, yet descriptive point of comparison between modulators. 
The traveling-wave PM topology can be used as a building block for a popular IM, 
the Mach-Zehnder modulator (MZM). This device uses a Mach-Zehnder interferometer 
(MZI) topology (Figure 2-4) to perform the intensity modulation of the optical carrier.  
 
 
 
Figure 2-4: MZM structure using the MZI topology [13] 
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Using this topology, the MZM transfer function is given as [13]: 
 
 
       𝐼(𝑡) = 𝛼𝐼𝜃 cos
2 (
𝑉(𝑡)𝜋
2𝑉𝜋
)                    (2.5) 
 
 
where I(t) is the transmitted optical intensity, 𝛼 is the optical insertion loss, 𝐼𝜃 is the input 
optical intensity, and V(t) is the applied voltage. The importance of a low Vπ is evident in 
Equation 2.5, as a smaller modulation voltage is necessary to achieve the full swing of the 
intensity modulation. 
 There are two cuts of the EO crystal that allow for different design topologies. 
These cuts are called X-cut and Z-cut, which refers to the direction of the crystal graphic 
axis as shown in Figure 2-5. The cut of the EO crystal is changed due to the placement of 
the optical waveguides. For the Z-cut topology, the optical waveguides are placed directly 
below both the hot and ground electrodes, causing the electric field flux to be more 
concentrated. This topology causes a reduction in the drive voltage at the cost of adding 
chirp to the optical signal. The X-cut topology does not suffer from chirp due to the 
symmetric structure as the electric field flux is ideally identical in both optical waveguides. 
Since the electric field flux is less concentrated than the Z-cut case, there is approximately 
a 20% increase in drive voltage for the X-cut topology [14]. 
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Figure 2-5: MZM topology for Z-cut (top) and X-cut (bottom) structures [13] 
 
 
The first reported device using the MZI topology with EO polymers demonstrated 
a Vπ of 9V and a 20GHz bandwidth [15]. Since this development, the properties of the EO 
polymers have been enhanced and the modulator designs have been fine-tuned to improve 
the overall performance of the modulator. 
One MZM design has demonstrated a bandwidth of 110 GHz using traveling-wave 
EO polymer-based design [16]. Another design has demonstrated a very low Vπ of 0.8V, a 
2.2Vcm VπL product, and an EO coefficient, r33, of 58pm/V at a wavelength of 1318nm 
[17]. This design used a highly nonlinear chromophore, CLD-1, as a guest molecule in a 
poly(methylmethacrylate) (PMMA) host. In all of these devices, there is a tradeoff between 
the Vπ figure, modulation bandwidth, and the optical insertion loss. For example, the 
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optical insertion loss reported in [17] is 10dB. This optical insertion loss is very large and 
is an indicator of the tradeoffs that must be made in order to enhance a particular aspect of 
the modulator performance. Thus, to improve on all of the performance characteristics 
simultaneously, the optical waveguide structure in particular must be improved, 
specifically in terms of the optical slowness and enhancement of r33. 
 
2.2 Photonic Bandgap (PBG) Electro-Optic Modulators 
 PBG structures have been shown to significantly improve r33 while slowing the 
light wave such that the optical and RF waves can be velocity matched. In this section, 
the structures and topologies that are used to make these improvements in modulators 
possible. 
2.2.1 Slow Wave Structure Principles and Structural Topologies 
 Slow wave structures can be designed in 1-D, 2-D, or 3-D configurations. The 
difference between these configurations is the periodicity of the dielectric constant. A 1-D 
multilayer film PBG is shown in Figure 2-6. The associated dispersion diagram shown in 
Figure 2-7 illustrates the photonic band gap. A 2-D structure is shown in Figure 2-8 where 
cylindrical rods are being used to create the periodic structure. The dispersion diagram for 
the 2-D structure is shown in Figure 2-9. 
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Figure 2-6: 1-D multilayer film PBG [14] 
 
 
 
Figure 2-7: Dispersion diagram for a 1-D multilayer film with a periodic dielectric 
[14] 
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Figure 2-8: 2-D periodic structure using cylindrical rods in a square lattice [14] 
 
 
 
Figure 2-9: Dispersion diagram for a 2-D Square lattice with a dielectric [14] 
 
 
 
The presence of the photonic band gap is essential as the PBG reflects light at 
frequencies that the band gap is present. A defect can be constructed in the PBG structure 
by creating a gap in the 1-D or 2-D structure. Light of a select wavelengths will be able to 
propagate through the defect, but will be restricted to the defect due to the presence of the 
photonic bandgap in the adjacent PBG structure. 
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As such, slow wave structures with defect modes serve as the basis for photonic 
crystal waveguides (PCW), which can be used as the optical waveguide in either a PM or 
MZM. A scanning electron microscope (SEM) image of a PCW structure is shown in 
Figure 2-10. Due to the presence of the photonic bandgap in the non-defected portion of 
the PBG structure, the light is confined to the defected region. The light is further confined 
in the plane of the slab by total internal reflection, thus forming the waveguide structure. 
The dispersion of these devices can be altered by changing the geometry of the structure. 
This process is referred to as dispersion engineering. Initially, dispersion engineered PBG 
waveguides were created by decreasing the line defect width [18]. More recent advances 
have demonstrated dispersion engineering by changing the size and/or position of the holes 
[19]. These PBG structures with defect modes have been used to create a variety of 
different devices [20,21]. 
 
 
 
Figure 2-10: SEM image of planar PCW [22] 
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2.2.2 Electro-Optic Modulators Using Slow Wave Structures 
 Both phase and intensity modulators have been analytically explored and developed 
by using PCW structures. These designs serve as a means to enhance the r33 of the optical 
waveguide while having a flat dispersion profile in a particular optical bandwidth. One 
design (Figure 2-11) uses a 2-D PCW-based MZI structure with a push-pull topology to 
realize a MZM with a drive voltage of 1V and a bandwidth of 78GHz [23]. An analytical 
expression for Vπ was also developed for their design and is given by 
 
 
𝑉𝜋 =
𝑐
𝑛3𝑓0
𝑊𝑔𝑎𝑝
𝑟33,𝑒𝑓𝑓
1
𝐿Γ
     (2.6) 
 
 
where 𝑟33,𝑒𝑓𝑓 is the effective EO coefficient, which is given in Equation 2.7. The push-pull 
topology of this MZM causes a phase shift of ΔΦ  in one arm of the MZI and a phase shift 
of −ΔΦ in the other arm. Thus, this topology allows for a reduction in the drive voltage by 
a factor of two. 
 
 
 
Figure 2-11: 2-D PBG-based MZM schematic [23] 
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 Another 2-D PBG-based MZM design has exhibited an effective in-device 𝑟33 of 
1230pm/V which was calculated using the following expression: 
 
 
  𝑟33,𝑒𝑓𝑓 =
𝜆𝑆𝑊
𝑛3𝑉𝜋Γ𝐿
     (2.7) 
 
 
where 𝑆𝑊 is the slow width as shown in Figure 2-12(b) [24]. This effective EO coefficient 
corresponds to an extremely low VπL product of 0.282Vmm. The flat region of the group 
index of the PCW structure was enhanced by means of shifting the second and third rows 
of the lattice by -85nm and 85nm, respectively. The change in the group index between the 
shifted (band-engineered) and un-shifted (non-band-engineered) is shown in Figure 2-
12(c), where the band-engineered structure has a flat group index for wavelengths between 
1546 and 1554nm. Unlike conventional modulators, the modulation bandwidth of this 
MZM is not limited by the velocity matching of the optical and RF signals. This design has 
such a short interaction length (300µm) that the bandwidth is limited by the lumped 
capacitance of the slot PCW as shown in Figure 2-12(d). 
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Figure 2-12: 2-D PBG-based MZM design (a) Three-dimensional MZM 
schematic with inset highlighting one MZM arm (b) Close-up view of PCW 
structure without EO polymer (c) Group index versus wavelength of the PCW (d) 
Equivalent circuit representation of the push-pull configuration [24] 
2.3 Phase Modulation to Intensity Modulation (PM-IM) Conversion without MZM 
 It is desirable to use a PM in the fiber optic link of the OEO primarily to eliminate 
the bias drift that is present when using a MZM. The MZM should have a fixed bias voltage 
at the quadrature point (Vπ/2) in order for the intensity modulation index to be maximized. 
Any deviation from this operating point will cause a reduction in the intensity modulation 
index and link gain. Ultimately, the noise figure of the link will be increased. The PM does 
not require a bias voltage, and is thus not susceptible to bias drift. 
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When using a PM in a fiber optic link, the phase modulation of the optical carrier 
signal is not able to be detected by the photodetector (PD) since it functions as an envelope 
detector. Therefore, the phase modulated wave must be converted into an intensity 
modulated wave before reaching the PD. 
The simplified output of the PM under small-signal assumption can be expressed 
as  
 
 
  𝐸(𝑡) = 𝐽0(𝛽)𝑒
𝑗𝜔0𝑡 + 𝐽1(𝛽)𝑒
𝑗(𝜔0+𝜔𝑚)𝑡 − 𝐽1(𝛽)𝑒
𝑗(𝜔0−𝜔𝑚)𝑡        (2.8) 
 
 
where 𝐽0 and 𝐽1 are Bessel functions of the first kind of order 0 and 1, respectively, and 𝛽 
is the phase modulation index [25]. There is a phase shift of π between the ±first order 
sidebands. These sidebands will beat with the optical carrier at the PD. Since the two 
sidebands are completely out of phase, only a DC current will be produced. The following 
sections will cover the methods that can be used to obtain a RF signal with a frequency 
equal to the modulation frequency. 
2.3.1 PM-IM Conversion Using a Dispersive Device 
 Using a dispersive device (DD) is one method to achieve the necessary PM-IM 
conversion. This method uses the dispersive properties of a particular material in order to 
shift the phase of one of the sidebands by π as shown in Figure 2-13. After passing through 
the DD, the optical field can be generically described as 
 
 
𝐸(𝑡) ∝ 𝐽0(𝛽)𝑒
𝑗(𝜔0𝑡+𝜑0) + 𝐽1(𝛽)𝑒
𝑗[(𝜔0+𝜔𝑚)𝑡+𝜑1] − 𝐽1(𝛽)𝑒
𝑗[(𝜔0−𝜔𝑚)𝑡+𝜑2]       (2.9) 
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where 𝜑0 is the phase shift of the carrier and 𝜑1 and 𝜑2 are the phase shifts of the ±1
st 
order sidebands, respectively [26]. By careful selection of the dispersion profile of the DD, 
each phase shift term can be designed to make the sidebands in phase. A PBG optical fiber 
or PWG are excellent candidates for the DD as they can be dispersion engineered to achieve 
the appropriate phase shifts while simultaneously increasing the Q of the fiber optic link. 
After the DD, the PM-IM conversion is accomplished and the spectrum is now the same 
as an intensity modulated signal. The signal can now be fed into a PD to generate a sinusoid 
with a frequency equal to the modulation frequency. 
 
 
 
Figure 2-13: Diagram for PM-IM conversion using a dispersive medium [25] 
 
2.3.2 PM-IM Conversion Using a Microwave Photonic Filter 
 Microwave photonic filters (MPF) can be used instead of the DD to achieve the 
PM-IM conversion. The objective using this method is to reduce the magnitude of one of 
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the sidebands while allowing the other to pass through unaffected as illustrated in Figure 
2-14. This effect can be achieved by using the slope of an optical filter such as a fiber 
Fabry-Perot (FFP) or fiber Bragg grating (FBG). Thus, the beating of the reduced sideband 
and the optical carrier will be negligible and will not cancel out the beating of the other 
sideband with the carrier. The benefit of this method compared to using the DD is the 
improved filtering function provided by the MPF. Since the BPF function is performed 
here, the electrical BPF is not necessary and the Q of the fiber optic link is increased more 
than using the DD. The MPF design also allows for the tuning of the passband which allows 
the design to be used for a variable frequency OEO. Furthermore, the carrier-to-sideband 
ratio (CSR) can be optimized by this method in order to enhance the modulation depth and 
achieve a higher link efficiency [25]. 
 PM-IM conversion has been demonstrated with the use of a FFP with a 0.13nm 
3dB bandwidth [25]. They demonstrated an optimized CSR of 0dB while performing the 
PM-IM conversion. The use of a phase-shifted fiber Bragg grating (PS-FBG) has been 
demonstrated to perform the same function while also achieving wideband tunability from 
5.5 to 15GHz [27]. The schematic of this MPF design is shown in Figure 2-15. The PS-
FBG can produce an ultra-narrow passband at a given frequency in this tuning range. 
 
 
 
24 
 
 
Figure 2-14: Diagram for PM-IM conversion using a MPF [25] 
 
 
 
Figure 2-15: Schematic of tunable MPF using PS-FBG [27] 
 
 
2.3.3 PM-IM Conversion Using a Sagnac Loop 
 A fiber Sagnac interferometer, or Sagnac loop, can be used to perform the PM-IM 
conversion as in Figure 2-16. The primary benefit of using the Sagnac loop is its 
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insensitivity to material or environmental perturbations. The PM is being used to improve 
the frequency stabilization of the OEO through the elimination of bias drift. The Sagnac 
loop increases the robustness of the system more than the MPF and DD. 
The Sagnac loop has been demonstrated in an OEO with an oscillation frequency 
of 10.833GHz [28]. In this design, the output of the continuous wave laser (CWL) passes 
through an optical isolator and a polarization controller (PC). This optical signal is fed into 
a polarization-maintaining 2x2 optical coupler which divides the power equally into a 
clockwise (CW) wave and a counterclockwise (CCW) propagating wave. The PM is 
designed to be exactly in the center of the Sagnac loop to modulate both the CW and CCW 
simultaneously. The CW light is traveling in the same direction as the modulating signal, 
thus having the maximum modulation index. The CCW light is traveling opposite to the 
modulating signal, thus having a negligible modulation index due to the gross velocity 
mismatch. Therefore, the CCW light can be viewed as unmodulated. Under these 
assumptions, the output power of the Sagnac loop can be written as 
 
 
   𝑃𝑜𝑢𝑡(𝑡) =
(1−𝐿)𝑃𝑖𝑛
2
[1 − cos (
𝜋𝑣𝑖𝑛(𝑡)
𝑉𝜋
+ Φ)]     (2.10) 
 
 
where 𝑃𝑖𝑛 is the input power, 𝑣𝑖𝑛(𝑡) is the RF voltage applied to the PM, and Φ is the phase 
difference between CW and CCW light resulting from the nonreciprocal phase shifter [28]. 
The Sagnac loop topology is quite robust as the material or temperature perturbations affect 
the paths for the CW and CCW light equally. 
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Figure 2-16: Structure of the Sagnac-loop based OEO [28] 
 
 
2.4 Principles of Opto-electronic Oscillators (OEO) and Forced Frequency 
Stabilization Techniques 
 
 The ultimate objective of the OEO is to minimize the phase noise present in the 
sidebands of the carrier wave. There are two categories in which the various phase noise 
reduction techniques can be classified. The first category uses high quality factor (Q) 
resonators. The second category uses external feedback to control a free running 
oscillator. Through the use of either of these two categories, or both, the overall phase 
noise of the OEO can be reduced. 
2.4.1 Opto-electronic Oscillator Basic Dynamics 
 The desire to have a high Q factor in feedback oscillators was analytically shown 
by Leeson [29]. He derived the following expression for the single sideband (SSB) power 
spectral density (PSD) of the phase of feedback oscillators: 
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𝑆ϕ(𝜔𝑚) = 𝑆Δ𝜃(𝜔𝑚) [1 + (
𝜔0
2𝑄𝜔𝑚
)
2
]      (2.11) 
 
 
where 𝑆Δ𝜃(𝜔𝑚) is the spectrum of the oscillator phase uncertainty, 𝜔𝑚 is the modulation 
angular offset frequency, and 𝜔0 is the oscillation center frequency. This equation has 
significant implications for the design of feedback oscillators. The main finding here is that 
the output phase noise of the oscillator is inversely proportional to Q. Thus, there has been 
a significant research effort to build devices with extremely high Q. 
 Through Leeson’s derivations, the generic oscillator spectra can be shown as in 
Figure 2-17. The phase noise spectrum has three main regions in frequency where different 
types of noise dominate. Close-in to the carrier, flicker noise dominates, showing a 1/fm, or 
9dB/octave decay, where fm is the offset frequency. At the frequency where the flicker 
noise is not dominant, there is a 6dB/octave decay up to the feedback loop half-bandwidth, 
which is given by 
𝜔0
2𝑄
. After this frequency, the phase noise flattens out and has a 0dB/octave 
decay as this region is dominated by white additive noise. For high Q oscillators and in 
oscillators with significant additive noise due to the electronic amplifier, the 1/fm effects 
can dominate out to a frequency above the half-loop bandwidth and there is no region with 
a 6dB/octave decay. 
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Figure 2-17: Oscillator spectra showing the different noise regimes [29] 
 
 
 
 The OEO uses extremely low loss fiber optic delay line(s) as the high Q element. 
A complete OEO was demonstrated in 1994 by Yao and Maleki, which was referred to as 
an electro-optic oscillator [30]. This design is illustrated in Figure 2-18. They report that 
this design is able to generate a high stability optical subcarrier up to 70GHz. This 
bandwidth is limited by the speed of the EO modulator and the PD. They demonstrated a 
9.2GHz oscillation frequency with an optical wavelength of 1310nm. In order to achieve 
self-sustaining oscillation, the small signal open loop gain, 𝐺𝑠, of the feedback loop must 
be properly selected to exceed the losses for the circulating waves in the loop. An 
expression for 𝐺𝑠 is provided by Yao and Maleki as 
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                    𝐺𝑠 ≡
𝑑𝑉𝑜𝑢𝑡
𝑑𝑉𝑖𝑛
|
𝑉𝑖𝑛=0
= −
𝜂𝜋𝑉𝑝ℎ
𝑉𝜋
cos (
𝜋𝑉𝐵
𝑉𝜋
)                    (2.11) 
 
 
 
where 𝑉𝑜𝑢𝑡 and 𝑉𝑖𝑛 are the output and input voltages of the RF amplifier, respectively, 𝜂 
determines the extinction ratio of the modulator by 
1+𝜂
1−𝜂
, 𝑉𝑝ℎ is the photovoltage generated 
by the PD, and 𝑉𝐵 is the bias voltage of the MZM [31]. It is possible to achieve self-
sustaining oscillation without the RF amplifier with sufficient optical input power. To 
eliminate the RF amplifier, the following condition must be met: 
 
 
     𝑉𝜋 < 𝜋𝑅
𝛼𝜌𝑃𝑖𝑛
2
       (2.12) 
 
 
where 𝛼 is the fractional insertion loss, R is the input impedance of the modulator, 𝜌 is the 
responsivity of the PD, and 𝑃𝑖𝑛 is the input optical power. 
 
 
 
Figure 2-18: Construction of electro-optic modulator [30] 
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Yao and Maleki have derived a model for the RF spectral density of the OEO, which 
is known as the Yao-Maleki model, and is given by 
 
 
𝑆𝑅𝐹(𝑓𝑚) =
𝛿
(2−
𝛿
𝜏
)−2√1−
𝛿
𝜏
cos(2𝜋𝑓𝑚𝜏)
      (2.11) 
 
 
where 𝜏 is the delay of the fiber optic loop, and 𝛿 is the noise-to-signal ratio given by 
 
 
        𝛿 ≡
𝜌𝑁𝐺𝐴
2
𝑃𝑜𝑠𝑐
                     (2.12) 
 
 
where 𝜌𝑁 is the equivalent noise density injected into the oscillator from the input port of 
the amplifier, 𝐺𝐴 is the amplifier’s voltage gain, and 𝑃𝑜𝑠𝑐 is the RF signal power. 
An unprecedented phase noise performance of -163dBc/Hz at 6kHz offset 
frequency for a 10GHz carrier has been demonstrated [32]. This OEO has a configuration 
as shown in Figure 2-19 and the measured phase noise is shown in Figure 2-20. The fiber 
delay line is a very long 16km fiber that is thermally stabilized in order to reduce drift. The 
modulator used is a LN MZM. The intensity modulated optical wave is converted into a 
microwave signal using the PD. The PD is one of the limiting factors for the close-in to 
carrier phase noise. In most OEOs, the flicker noise of the low noise amplifier(s) (LNA) is 
higher than the flicker noise of the PD. In reference [32], the LNAs used have extremely 
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high low noise performance causing the PD to be the phase noise limiting factor close-in 
to the carrier. 
 
 
 
Figure 2-19: OEO configuration of [32] 
 
 
 
Figure 2-20: SSB phase noise of the OEO system of Figure 2-13 for a 10GHz 
oscillation frequency [32] 
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2.4.2 Injection Locking and Self-Injection Locking 
 Injection locking of an oscillator is performed by feeding the output of an external 
low phase-noise source into the original oscillator, thereby reducing the phase noise of the 
original oscillator. For this scenario, the lowest achievable phase noise is determined by 
the noise of the external source [33]. In the OEO, the primary objective of injection locking 
is to reduce the far-away from carrier phase noise using a long fiber optic delay line. 
Injection locking of an OEO has been demonstrated using a master-slave, or dual OEO 
configuration as shown in Figure 2-21 [34]. In this design, the master OEO has a long 
optical fiber to realize the high Q and reduce the overall phase noise of the system. The 
slave OEO has a short optical fiber which does not support the side-modes that are 
generated by the master OEO. This design, therefore demonstrated a significant reduction 
in the spurious oscillations present in the far away from carrier phase noise. 
 
 
 
Figure 2-21: Block diagram of injection-locked dual OEO [34] 
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Self-injection locking (SIL) uses a portion of the oscillator output signal to perform 
the injection locking on itself as shown in Figure 2-22 [35]. The oscillator output signal 
passes through a delay line or resonator. Using an electrical delay line or resonator limits 
the Q that can be achieved. A fiber optic delay line can be used to overcome the loss 
limitations of electrical delay lines and resonators. The SIL oscillator is able to remain 
phase locked relatively easily in comparison to injection locking because the self-injection 
signal has the same frequency as the oscillator. 
 
 
 
Figure 2-22: Configuration of a SIL OEO [35] 
 
 
 Simulations of electrical oscillator with and without SIL have shown an 
improvement in the phase noise by 22dB at 1kHz using a 1km delay line [33]. The phase 
noise performance was shown to improve as the length of the delay line is increased, but 
 
34 
 
the tradeoff is the spurious oscillations that are manifested as side-modes. As the fiber 
length increases, the spacing of the side-modes decreases. 
2.4.3 Phase Locked Loop and Self-Phase Locked Loop 
 Phase locking in oscillators serves to increase the frequency stabilization of the 
output signal. Conventional phase locked loops (PLL) use a phase detector generate an 
error signal by comparing against an external reference. The error signal is used to control 
the voltage controlled oscillator (VCO). In self-phase locked loops (SPLL), the error signal 
is generated from a delay line frequency discriminator (DLFD) as shown in Figure 2-23. 
This error signal can be used to control the BPF or MZM. Similar to the standard OEO and 
SIL OEO, a long fiber optic delay is utilized. The longer delay provides increases 
discriminator sensitivity, which is necessary for substantial phase noise reduction [36]. 
The PLL has a low-pass frequency response that can serve to reject the side-modes 
generated by the long fiber optic delay line. To effectively suppress these spurious signals, 
the loop bandwidth of the PLL must be smaller than the mode-spacing of the spurious 
oscillation [3]. A summary of the achieved phase noise using SPLL OEO is shown in Table 
2-2. These results show a significant reduction in phase noise from the free running OEO 
when using the SPLL generated error signal to control the BPF and the MZM. 
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Figure 2-23: Experimental setup of SPLL OEO. The purple paths are for SPLL [36] 
 
 
Table 2-2: Measured SSB phase noise with different circuit configurations [36] 
 
 
2.4.4 Self-Injection Locking Phase Locked Loop 
 The self-injection locking phase locked loop (SILPLL) combines SIL and SPLL to 
achieve a better phase noise both close-in to carrier and far away from carrier. A schematic 
is one such experimental setup is shown in Figure 2-24. A large locking range is achieved 
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using SILPLL and no external reference source is necessary. As a result, the limitations 
imposed by external frequency reference sources are avoided altogether. SILPLL benefits 
from the reduction in close-in to carrier phase noise reduction due to SIL while suppressing 
the side-modes that are generated from the long delay line. There is a small phase noise 
degradation in the SILPLL since two optical paths are required and the noise increases in 
the system [3]. The spurious level of SILPLL is reported to be 20dB lower than the SIL. 
 
 
 
Figure 2-24: Experimental setup of SILPLL OEO [4] 
 
2.5 Thesis Deliverables 
 
This section discusses the primary goals and deliverables of this thesis after a critique of 
other techniques is provided. Through the review of the published works analyzed above, 
it is clear that the sensitivity of conventional EO polymer based phase and intensity 
modulators can be improved by incorporating PBG based structures. The increase in 
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modulator sensitivity serves to improve the overall fiber optic gain and reduce the overall 
noise figure. A reduced noise figure of the fiber optic delay lines will significantly lower 
the overall close-in to the carrier phase noise of the OEOs. This approach could also be 
extended to the reduction of phase noise for the SILPLL based forced OEOs. The relevance 
of the preceding sections is justified through the analysis of the experimentally verified 
modeling of SILPLL based OEOs using both conventional LN based versus PBG based 
EO polymer based modulators. More specifically, the goals of this thesis are: 
 
• Attain OEO performance enhancement using the PBG based PM and MZM 
compared to conventional PM and MZM 
This is the primary goal of the thesis. Analytical models and simulations are 
developed in order to demonstrate the performance variations. The original OEO 
based on conventional modulators must be characterized, and then improved upon 
using the PBG based PM and MZM. 
• Analytically characterize both PBG based PM and MZM and conventional PM and 
MZM in terms of Vπ, RF bandwidth, and optical insertion loss 
The PBG based PM and MZM must be characterized and compared to the 
conventional PM and MZM in order to attain the necessary parameters for the OEO 
modeling. 
• Analytically model the PM-IM conversion methods necessary to implement the PM 
based SILPLL forced OEO for the first time 
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The PM-IM conversion process is modeled in order to accurately analyze the 
performance of both conventional and PBG based phase modulators. The results of 
this modeling are then incorporated into the OEO models. 
• Analytically model both the standard OEO configuration and the OEO using 
SILPLL for all cases of optical modulators as described above 
Once the modulators are characterized, the overall performance of the OEO for 
both standard and SILPLL topologies must be simulated to determine the 
performance benefits. The effects of each type of modulator are shown for both 
OEO topologies in terms of the phase noise, Allan deviation, and timing jitter. 
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CHAPTER 3: PHASE MODULATOR AND OEO MODELING AND 
PERFORMANCE 
This chapter deals with the modeling of both bulk EO crystal and PBG based phase 
modulators and the modeling of these modulators in both the standard OEO and SILPLL 
OEO. The phase modulators must be analytically modeled in order to extract the necessary 
parameters for the modeling of the OEO. The essential parameters that must be acquired 
are Vπ, modulation bandwidth, and optical insertion loss. The modeling methods used to 
obtain these parameters for bulk and PBG based phase modulators are discussed in sections 
3.1.1 and 3.1.2, respectively. A comparison between the performance of these types of 
phase modulators is discussed in section 3.1.3. 
 The modeling of the PM-IM conversion using a Sagnac loop is covered in section 
3.2. With the modeling method established, the appropriate parameters are obtained and 
the OEO is then modeled in section 3.3. The modeling of PM-based standard OEO and 
SILPLL OEO are discussed in sections 3.3.1 and 3.3.2, respectively. Then a comparison 
of the performance of these models is presented in section 3.3.3. A time domain analysis 
of these models is given in section 3.4. 
 
3.1 Phase Modulator Design and Modeling 
3.1.1 Phase Modulator Using Bulk Electro-Optic Materials 
The material parameters of bulk EO crystals must be characterized in order to 
accurately model the performance of the phase modulators that are based on these 
materials. For this analysis, the essential material parameters are the EO coefficient and the 
extraordinary refractive index, ne. These parameters are given in Table 3-1 for LN, KDP, 
and GaAs. The variation of the extraordinary refractive index with wavelength for each 
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material are shown in Figure 3-1. The refractive indices for LN and KDP were calculated 
using the appropriate Sellmeier equation [37,38]. For GaAs, experimentally acquired 
refractive index data is used [39]. Equations 3.1 and 3.2 were used to calculate the 
refractive indices for LN and KDP, respectively. The Sellmeier coefficients are provided 
in Table 3-2. From these results, it can be concluded that LN is the best choice to use as 
the modulator base material due to its large EO coefficient. The large EO coefficient makes 
it possible to reduce the half-wave voltage, making it clear why LN is so widely used in 
commercial modulators. Moving forward, LN will be the material used for the bulk 
modulator analysis. 
 
 
  𝑛𝑒,𝐿𝑖𝑁𝑏𝑂3 = √𝐴 +
𝐵
𝜆2+𝐶
+ 𝐷𝜆2                  (3.1) 
 
 
 
    𝑛𝑒,𝐾𝐷𝑃 = √𝐴 +
𝐵
𝜆2−𝐶
+
𝐷𝜆2
𝜆2−𝐸
                  (3.2) 
 
 
Table 3-1: EO coefficient and extraordinary refractive index for LN, KDP, 
and GaAs 
Material EO Coefficient (pm/V) ne at 1500nm 
LN 32.2 2.14 
KDP 10.3 1.46 
GaAs 1.4 3.36 
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Table 3-2: Sellmeier coefficients for LN and KDP 
Material A B C D E 
LN 4.582 0.099169 -0.044432 -0.02195 N/A 
KDP 2.1295 0.0097 0.0014 0.7585 127.0535 
 
 
 
Figure 3-1: Extraordinary refractive index vs. wavelength for LN, KDP, and 
GaAs 
 
 
 
The first parameter of phase modulators to be discussed is the modulation, or RF 
bandwidth. For an EO modulator to be implemented in an OEO, the RF bandwidth must 
be large enough to support modulation at the oscillation frequency. For the modulators 
being considered here for incorporation in the OEO, a minimum RF bandwidth of 10GHz 
is established. Through the literature analysis presented, it is shown that the lumped 
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modulators are limited in their ability to achieve a modulation bandwidth in excess of 
10GHz, especially while optimizing Vπ and optical insertion loss. Thus, the traveling-wave 
modulator design is the focus here. 
The small signal modulation response of a traveling wave modulator whose 
electrode is terminated by its characteristic impedance is given by [40] 
 
 
 𝑀(𝑓) = 𝑒−(
𝛼𝑚𝐿
2
)
[
sinh2(
𝛼𝑚𝐿
2
)+sin2(
𝜋𝑓(𝑛𝜇−𝑛𝑜)𝐿
𝑐
)
(
𝛼𝑚𝐿
2
)
2
+(
𝜋𝑓(𝑛𝜇−𝑛𝑜)𝐿
𝑐
)
2 ]
1
2
       (3.3) 
 
 
where 𝛼𝑚 is the loss coefficient of the electrode, 𝐿 is the length of the electrode, 𝑐 
is the speed of light in a vacuum, 𝑓 is the modulation frequency, and 𝑛𝜇 and 𝑛𝑜 are the 
microwave and optical indices, respectively. Now we can see the effects of the velocity 
mismatch on the modulation bandwidth. The modulator frequency response for velocity 
mismatch of 0%, 3%, 10%, and 50% with an electrode length of 1cm and an electrode 
attenuation of 3dBGHz1/2/cm is shown in Figure 3-2. This result shows that for typical 
electrode length and attenuation, the effect of velocity matching has quite a significant 
impact on the modulation bandwidth. For the ideal case with perfect velocity matching, the 
modulation bandwidth can theoretically exceed 1THz. The limitation in this case is the 
electrode structure as it will not be able to support the RF signal as attenuation and parasitic 
effects increase with frequency. It is shown that for a more realistic case where the velocity 
mismatch is 3%, the modulation bandwidth is slightly in excess of 100GHz, not including 
device parasitics. The effect of the electrode attenuation is shown in Figure 3-3. In this 
case, it is clear that the velocity mismatch is the dominant factor in determining the 
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modulation bandwidth. The attenuation affects the sharpness of the roll-off. It should be 
noted that these results apply to both bulk and PBG based phase modulators. 
 
 
 
Figure 3-2: Phase modulator frequency response for varying velocity mismatch with 
𝑳 = 𝟏𝒄𝒎 and 𝜶𝒎 = 𝟑𝒅𝑩𝑮𝑯𝒛
𝟏
𝟐/𝒄𝒎  
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Figure 3-3: Phase modulator frequency response for varying electrode 
attenuation with 𝑳 = 𝟏𝒄𝒎 and 𝒏𝝁 = 𝟏. 𝟏𝒏𝒐 
 
 
 
Based on the analytical modeling results that were discussed and the literature 
provided in chapter 2, it is established that conventional bulk phase modulators are capable 
of achieving a 10GHz modulation bandwidth. To achieve a large modulation bandwidth, it 
is desirable to minimize the electrode length, and hence the total RF and optical attenuation. 
By minimizing the interaction length, the optical insertion loss can be simultaneously 
designed to be small (less than 4dB). However, with these modulators, the half-wave 
voltage inevitably becomes large in order to achieve such a large modulation bandwidth 
and low optical insertion loss, which will be shown in section 3.1.2. As such, the 
modulation efficiency of the PM is adversely affected and the power necessary to achieved 
self-sustaining oscillations in an OEO becomes large. 
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3.1.2 Phase Modulator Using Photonic Crystal 
 Now that the bandwidth limitations are established, the reduction of Vπ using PBG 
will be explored. The improvement of Vπ is achieved through the enhancement of the 
effective EO coefficient of the base crystal. Modulators using PBG have been developed 
to have extremely large effective in-device EO coefficients as large as 1230pm/V [24]. 
Using this result and the known r33 of LN, the range of potentially achievable Vπ values 
can be determined through the use of Equation 2.4. The result of this modeling is shown in 
Figure 3-4. In this simulation, the following parameters were used: electrode spacing of 
2µm, overlap factor of 0.8, wavelength of 1500nm. It is clear from this result that the 
incremental reduction of Vπ diminishes as r33 increases. However, for low values of r33, the 
change of Vπ is significant and the need to improve r33 from 32.3pm/V is shown. 
 
Figure 3-4: Half-wave voltage versus EO coefficient for varying electrode length 
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 It also becomes apparent from Figure 3-4 that Vπ increases as the electrode length 
decreases. Therein lies the tradeoff between modulation bandwidth and half-wave voltage. 
There exists an optimum electrode length that achieves the desired modulation bandwidth 
and minimizes Vπ. The enhancement of r33 through the use of PBG structures is the most 
promising method to achieve a dramatic reduction in Vπ while slowing the optical wave to 
the velocity of the modulating RF signal. 
3.1.3 Comparison of Phase Modulator Performance Characteristics 
 The performance characteristics of LN and PBG phase modulators can now be 
compared. A comparison of the commercially available LN phase modulators from 
EOSPACE [41] , one of the premier optical modulator based manufacturers, and the PBG 
phase modulator proposed in [42] is shown in Table 3-3. The EOSPACE optical 
modulators are selected due to their high performance among commercially available LN 
modulators. There is a clear difference in the overall performance of the LN and PBG phase 
modulators. The three different modulators available from EOSPACE illustrate the 
capability of the modulator design to optimize one of the three parameters of Table 3-3 
while losing the performance of the other two parameters. None of these phase modulators 
using LN can match the performance of the proposed PBG phase modulator from [42]. The 
performance of the PBG phase modulator outperforms all of the EOSPACE phase 
modulators in terms of Vπ, RF bandwidth, and optical IL. 
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Table 3-3: Comparison of LN and PBG phase modulators 
Modulator Vπ (V) RF Bandwidth 
(GHz) 
Optical IL (dB) 
PBG [41] 2.17 42.5 1.6 
EOSPACE  
(Ultra-Low Vπ) 
< 3 > 20 < 4 
EOSPACE  
(Extra Bandwidth) 
< 4 > 30 < 4 
EOSPACE  
(Ultra-Low Loss) 
< 5 > 20 < 3 
 
 
3.2 PM-IM Conversion Modeling Using a Sagnac Loop 
The Sagnac loop based design is intended to implement a robust PM-IM conversion 
method that is insensitive to environmental and material perturbations. The proposed 
Sagnac loop schematic is shown in Figure 3-5. The input optical signal is split equally into 
the two paths of the Sagnac loop. One wave travels clockwise (CW) and the other travels 
counter-clockwise (CCW). Both signals travel identical lengths to reach the traveling-wave 
PM. Due to the traveling-wave design, the CW wave is traveling in the same direction as 
the modulating signal and the CCW wave opposes the modulating signal. Due to the large 
velocity mismatch between the modulating signal the CCW wave, the modulation index is 
negligible and the wave can be viewed as unmodulated. Thus, this loop forms an 
interferometer that uses the phase difference between the counter-propagating optical 
waves over a large modulating frequencies. 
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Figure 3-5: Sagnac loop schematic. OC: optical coupler. NRPS: Nonreciprocal 
phase shifter 
 
 
 
The output power for this configuration is given as [32] 
 
 𝑃𝑜𝑢𝑡(𝑡) = 𝐿𝑆𝑃𝑖𝑛 sin
2 (
Δφ(t)+Φ
2
)                   (3.4) 
 
 
where 𝑃𝑖𝑛 is the power of the optical input signal, 𝐿𝑆 is the loss of the Sagnac loop, and Φ 
and Δφ(t) are the phase difference between the CW and CCW light due to the NRPS and 
RF signal, respectively. Δφ(t) is given by 
 
 
       Δ𝜑(𝑡) =
𝜋𝑣𝑚(𝑡)
𝑉𝜋,𝑓𝑜𝑟
−
𝜋𝑣𝑚(𝑡)
𝑉𝜋,𝑟𝑒𝑣
                     (3.5) 
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where 𝑣𝑚(𝑡) = 𝑉𝑚sin (𝜔𝑚𝑡) is the modulating voltage, 𝜔𝑚 and 𝑉𝑚 are the angular 
frequency and amplitude of the modulating RF signal, respectively, and 𝑉𝜋,𝑓𝑜𝑟 and 𝑉𝜋,𝑟𝑒𝑣 
are the half-wave voltages of the PM for the CW and CCW propagating light, respectively. 
An expression relating the forward and reverse half-wave voltages is given by [43] 
 
 
       𝑉𝜋,𝑟𝑒𝑣 = 𝑉𝜋,𝑓𝑜𝑟
𝜔𝑚𝜏𝑃𝑀
sin (𝜔𝑚𝜏𝑃𝑀)
             (3.6) 
 
 
where 𝜏𝑃𝑀 = 𝑛𝑃𝑀𝐿𝑃𝑀/𝑐 is the transit time of the optical signal in the PM, 𝑛𝑃𝑀 and 𝐿𝑃𝑀 
are the optical waveguide refractive index and electrode length, respectively and c is the 
velocity of light in a vacuum. For both LN and PBG phase modulators, the transit time will 
be on the order of tens to hundreds of picoseconds. For small modulation frequencies, the 
small angle approximation applies to the denominator of (3.6) and the forward and reverse 
half-wave voltages are approximately equivalent. After this point, 𝑉𝜋,𝑟𝑒𝑣 becomes 
extremely large in magnitude as shown in Figure 3-6. It is determined that for all 
frequencies above 4.5MHz, the CCW propagating wave can be considered unmodulated 
since 𝑉𝜋,𝑟𝑒𝑣 = 10𝑉𝜋,𝑓𝑜𝑟. Therefore, Δφ(t) is equal to the modulation index experienced by 
the CW propagating wave alone and the output power of the Sagnac loop can be written as 
 
 
        𝑃𝑜𝑢𝑡(𝑡) =
𝐿𝑆𝑃𝑖𝑛
2
[1 − 𝑐𝑜𝑠 (
𝜋𝑣𝑚(𝑡)
𝑉𝜋
+ Φ)]                   (3.7) 
 
 
where 𝑉𝜋 = 𝑉𝜋,𝑓𝑜𝑟. Now the output power is in the form of an intensity modulated 
response where the intensity modulation index is determined by the modulation index of 
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the PM. The signal now can be fed into a PD where the output electrical voltage is given 
by 
 
 
        𝑉𝑃𝐷(𝑡) = 𝑃𝑜𝑢𝑡(𝑡)𝜌𝑅                     (3.8) 
 
 
where 𝜌 is the responsivity of the PD and R is the load impedance. Therefore, the output 
of the PD is a sinusoid with frequency equal to the modulation frequency of the PM. 
For implementation of the Sagnac loop in an OEO, the output of the PD is 
amplified, passed through a BPF, and injected into the RF port of the PM as the modulation 
signal. Using (3.7) and (3.8), the small-signal open-loop gain, 𝐺𝑠, is derived as 
 
 
𝐺𝑠 =
𝑑𝑣𝑜𝑢𝑡(𝑡)
𝑑𝑣𝑚(𝑡)
|
𝑣𝑚(𝑡)→0
=
𝜋𝐿𝑆𝑃𝑖𝑛𝜌𝑅𝐺𝐴 sin(Φ)
𝑉𝜋 
       (3.9) 
 
 
where 𝑣𝑜𝑢𝑡(𝑡) is the voltage after the RF amplifier, 𝐺𝐴 is the RF amplifier voltage gain. In 
order for self-sustaining oscillation to occur, 𝐺𝑠 must be larger than unity. To maximize 𝐺𝑠, 
the NRPS should introduce a phase shift of 𝜋/2. It should also be mentioned that a lower 
Vπ leads to a larger gain. With enough optical power, the RF amplifier is not necessary. 
The optical insertion loss of the Sagnac loop is ideally 6dB without including the loss of 
the PM. The 6dB loss is due to the optical signal going through the optical coupler twice. 
Once for when the light enters the Sagnac loop and once again when it exits as an intensity 
modulated wave. 
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Figure 3-6: Reverse half-wave voltage with respect to forward half-wave voltage 
versus frequency 
 
3.3 Phase Modulator-based OEO Modeling and Performance 
 Now that a method for PM-IM conversion has been established, it is now possible 
to model various designs of PM-based optoelectronic oscillators using the Sagnac loop 
topology.  
3.3.1 Phase Modulator-based Standard OEO 
 The effects of both bulk and PBG phase modulators in the standard OEO will now 
be explored. The Yao-Maleki model will be used to see the impact of each PM on the phase 
noise of the OEO. The input noise-to-signal ratio must be determined to begin this 
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modeling. There are three noise sources that can be viewed as being injected into the OEO. 
These noise sources are thermal noise, the laser’s relative intensity noise (RIN), and shot 
noise. The total noise density may only be as low as the thermal noise limit which is defined 
as 
 
 
𝜌𝑇 = 4𝑘𝑇𝑎(𝑁𝐹)                     (3.9) 
 
 
 
where 𝑘 is Boltzmann’s constant, 𝑇𝑎 is the ambient temperature, and NF is the noise factor 
of the electrical amplifier. The laser’s RIN is defined as 
 
 
𝜌𝑅𝐼𝑁 = 𝑁𝑅𝐼𝑁𝐼𝑃𝐷
2 𝑅                   (3.10) 
 
 
 
where 𝑁𝑅𝐼𝑁 is the RIN of the laser source and 𝐼𝑃𝐷 is the photocurrent across the load 
impedance of the photodetector. Finally, the shot noise is defined as 
 
 
 𝜌𝑠ℎ𝑜𝑡 = 2𝑞𝐼𝑃𝐷𝑅                   (3.11) 
 
 
 
where q is the electron charge. These noise sources all combine linearly to form the total 
noise density given by 
 
 
       𝜌𝑁 = 𝜌𝑇 + 𝜌𝑅𝐼𝑁 + 𝜌𝑠ℎ𝑜𝑡.                   (3.12) 
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 The input noise-to-signal ratio can now be defined as 
 
 
      𝛿 ≡
𝜌𝑁𝐺𝐴
2
𝑃𝑜𝑠𝑐
                    (3.13) 
 
 
where 𝑃𝑜𝑠𝑐 is the total oscillating power after the amplifier. Finally, the RF spectral density 
of Equation 2.11 can be simplified as [44] 
 
 
  𝑆𝑅𝐹(𝑓𝑚) =
𝛿
(𝛿 2𝜏⁄ )2+(2𝜏)2(𝜏𝑓𝑚)2
      (3.14) 
 
 
 
under the assumption that 2𝜋𝑓𝑚𝜏 ≪ 1 where 𝜏 is the time delay of the fiber delay line and 
fm is the frequency offset from the oscillation frequency. The time delay of a 1km long 
fiber is approximately 5µs and can be calculated as 
 
 
         𝜏 =
𝐿𝑓𝑛
𝑐
                    (3.15) 
 
 
 
where 𝐿𝑓 is the fiber length, c is speed of light in free space (i.e., 300m/s), and 𝑛 is the 
fiber refractive index. The long delay is critical for reducing the phase noise due to the 
increased Q, which is equal to the product of the angular oscillation frequency, 𝜔𝑜𝑠𝑐 and 𝜏. 
It is noted that the analyses to follow involving the Sagnac loop are performed in the linear 
operating regime as detailed in Appendix A. 
 Both bulk EO crystal and PBG phase modulators are modeled in the standard OEO 
with the Sagnac loop. The block diagram of this OEO is shown in Figure 3-7. The optical 
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isolator is used to absorb the backwards propagating light that has gone through the Sagnac 
loop. The PC is used to polarize the light appropriately for the NRPS. 
 
 
 
Figure 3-7: Block diagram of standard OEO using a phase modulator in a Sagnac 
loop. PC: Polarization controller. The blue lines show the optical path and the red 
lines show the RF path 
 
 
 
 Using the parameters established in Table 3-3, the OEO of Figure 3-7 was 
simulated. The SSB phase noises for this simulation are shown in Figure 3-8. The key 
parameters used in this simulation are given in Table 3-4. The PBG PM yielded the lowest 
phase noise for all offset frequencies. The EOSPACE Ultra-low Vπ PM shows nearly 
identical performance to the ultra-low loss model. Therefore, due to the tradeoff of Vπ and 
optical IL for bulk phase modulators, there exists a performance limit regardless of which 
of these two parameters is optimized. The PBG PM is improved in both aspects with respect 
to LN phase modulators and the phase noise results demonstrate the effect of these 
improved performance characteristics. These phase noise results apply to any oscillation 
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frequency up to the modulation bandwidth of the PM as a result of the oscillation frequency 
independence of Equation 3.14. Of course, the PD and RF amp will not be as high 
performing at higher frequencies, however, the results are valid for the specifications listed 
in Table 3-4. 
 
 
 
Figure 3-8: SSB phase noise of Sagnac loop OEO with PBG and bulk phase 
modulators 
 
 
 
Table 3-4: Key parameters for the simulation of Figure 3-8 
 
Parameter 𝑳𝒇  
(km) 
𝝆 
(mA/W) 
𝑵𝑭𝒂𝒎𝒑 
(dB) 
𝑳𝑺 
(dB) 
𝑷𝒊𝒏,𝑹𝑭 
(dBm) 
𝑵𝑹𝑰𝑵 
(dB/Hz) 
Value 5 700 1.5 6 5 -160 
 
 
 
 The fiber optic delay line has a significant impact on the phase noise performance 
of the OEO. The simulation results for the standard OEO using 1km, 5km, and 10km delay 
lines for the PBG PM and the parameters of Table 3-4 is shown in Figure 3-9. The close-
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in to carrier performance is improved with the longer delay line, but the far-away from 
carrier phase noise performance is degraded. The spacing of the side-modes of the delay 
line is equal to the inverse of 𝜏. Using this relation, the side-mode spacing of the 1km, 5km, 
and 10km delay lines are 208kHz, 41.6kHz, and 2.08kHz, respectively. These results are 
confirmed by the simulation of Figure 3-9. For this OEO design, the tradeoff between the 
close-in to carrier phase noise and the spurious oscillation spacing must be balanced for 
the desired application. 
 
 
 
Figure 3-9: SSB phase noise of Sagnac loop OEO for different fiber delay lengths 
 
 
3.3.2 Phase Modulator-based SILPLL OEO 
To analyze the phase noise performance of the SILPLL OEO, control theory is 
applied to both SIL and SPLL systems. For SIL, the oscillator output is fed back to its 
input after going through a long fiber optic delay line with delay 𝜏𝑑,𝑆𝐼𝐿. The control 
theory block diagram of SIL is shown in Figure 3-10 where 𝜏𝑑,𝑆𝐼𝐿 is referred to as 𝜏𝑑. In 
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this model, the residual noise, 𝑛1(𝑠), and the oscillator phase noise, 𝑛2(𝑠), can be viewed 
as being injected into the input and output of the OEO, respectively. 
 
 
 
Figure 3-10: Control theory block diagram of SIL [33] 
 
 
An analytical expression for the PSD of the SIL OEO output phase is derived in 
[28] as 
 
 
𝑆𝑠𝑖𝑙(𝜔𝑚) = |𝐻𝑎(𝑗𝜔𝑚)|
2𝑆𝑛1(𝜔𝑚) + |𝐻𝑏(𝑗𝜔𝑚)|
2𝑆𝑛2(𝜔𝑚)     (3.16) 
 
 
 
where 𝑆𝑛1(𝑓𝑚) is the residual noise at offset frequency of 𝑓𝑚: 
 
 
              𝑆𝑛1(𝑓𝑚) =
𝑘𝑇(𝐵𝑊)𝐹
2𝑃𝑜𝑢𝑡
(
𝑓𝑐
𝑓𝑚
+ 1)     (3.17) 
 
 
 
and 𝑆𝑛2(𝑓𝑚) is the phase noise of the free-running oscillator and is given using Leeson’s 
equation [29] 
 
       𝑆𝑛2(𝑓𝑚) =
𝑘𝑇(𝐵𝑊)𝐹
2𝑃𝑜𝑢𝑡
(
1
𝑓𝑚
3 (
𝑓𝑜
2𝑓𝑐
4𝑄𝐿
2 ) +
1
𝑓𝑚
2 (
𝑓𝑜
2
4𝑄𝐿
2) +
𝑓𝑐
𝑓𝑚
+ 1)    (3.18) 
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where 𝐵W=1Hz is the bandwidth being considered, 𝐹 is the system noise figure, 𝑓𝑐=1MHz 
is the flicker noise corner frequency, and 𝑄𝐿 is the loaded quality factor of the delay line. 
The transfer functions 𝐻𝑎(𝑠) and 𝐻𝑏(𝑠) are given by 
 
 
    𝐻𝑎(𝑠) =
𝐵
𝑠+𝐵(1−𝑒−𝑠𝜏𝑑,𝑆𝐼𝐿)
      (3.19) 
 
 
 
    𝐻𝑏(𝑠) =
𝑠
𝑠+𝐵(1−𝑒−𝑠𝜏𝑑,𝑆𝐼𝐿)
      (3.20) 
 
 
 
where 𝑠 = 𝑗𝜔𝑚 and 𝐵 = 𝜖𝜔3𝑑𝐵 is the injection locking range with ε = √𝑃𝑖/𝑃𝑜 is the 
injection strength and 𝜔3𝑑𝐵 = 𝜔𝑜/(2𝑄𝐵𝑃𝐹) is half the 3dB bandwidth of the bandpass 
filter. 
 The residual noise term, 𝑆𝑛1(𝑓𝑚), consists of two parts: noise floor determined by 
the fiber optic link and flicker noise from the RF amplifier. The noise figure of the fiber 
optic link is much greater than that of the RF amplifier and the system noise figure is 
simplified to be the fiber optic link noise figure. Therefore, the noise floor of the fiber optic 
link determines the minimum phase noise that can be achieved by the OEO. The fiber optic 
link noise figures for various topologies are discussed and presented in Appendix B. 
 For SPLL, a portion of the OEO output is delayed by time 𝜏𝑑,𝑆𝑃𝐿𝐿 and the phase of 
the delayed signal is compared to the phase of the current signal. The error signal is 
generated by using a mixer and low pass filter-amplifier (LPFA). For SPLL using a phase 
modulator, the error signal is used to control the BPF. Thus, continual adjustment of the 
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oscillation is achieved. The control theory representation of SPLL is shown in Figure 3-11 
where 𝜏𝑑,𝑆𝑃𝐿𝐿 is referred to as 𝜏𝑑. The overall output noise spectrum of the SPLL is found 
to be [36] 
 
 
𝑆𝑠𝑝𝑙𝑙(𝜔𝑚) = |𝐻𝑐(𝑠)|
2𝑆𝑛1(𝜔𝑚) + |𝐻𝑑(𝑠)|
2𝑆𝑛2(𝜔𝑚)   (3.21) 
 
 
were the transfer functions 𝐻𝑐(𝑠) and 𝐻𝑑(𝑠) are given by 
 
 
𝐻𝑐(𝑠) =
𝐺
𝑠+𝐺(1−𝑒−𝑠𝜏𝑑,𝑆𝑃𝐿𝐿)
   (3.22) 
 
 
 
𝐻𝑑(𝑠) =
𝑠
𝑠+𝐺(1−𝑒−𝑠𝜏𝑑,𝑆𝑃𝐿𝐿)
   (3.23) 
 
 
 
with 𝐺 = 𝐾𝑑𝐾𝑜𝐹(𝑠). 𝐾𝑑 is the phase detector gain in V/rad, 𝐾𝑜 is the VCO tuning 
sensitivity in rad/V, and 𝐹(𝑠) is the Laplace transform of the time domain impulse response 
of the low-pass filter. 
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Figure 3-11: Control theory block diagram of SPLL [4] 
 
 
 
 Now the PSD for the output phase of SILPLL can be found based on the relations 
for SIL and SPLL as  
 
𝑆𝑠𝑖𝑙𝑝𝑙𝑙(𝜔𝑚) = |𝐻𝑒(𝑠)|
2𝑆𝑛1(𝜔𝑚) + |𝐻𝑓(𝑠)|
2
𝑆𝑛2(𝜔𝑚)   (3.24) 
 
 
 
where 𝐻𝑒(𝑠) and 𝐻𝑓(𝑠) are given by 
 
 
𝐻𝑒(𝑠) =
𝐵+𝐺
𝑠+𝐵(1−𝑒−𝑠𝜏𝑑,𝑆𝐼𝐿)+𝐺(1−𝑒−𝑠𝜏𝑑,𝑆𝑃𝐿𝐿)
   (3.25) 
 
 
 
𝐻𝑓(𝑠) =
𝑠
𝑠+𝐵(1−𝑒−𝑠𝜏𝑑,𝑆𝐼𝐿)+𝐺(1−𝑒−𝑠𝜏𝑑,𝑆𝑃𝐿𝐿)
.   (3.26) 
 
 
 
The block diagram of the proposed Sagnac loop SILPLL OEO is shown in Figure 3-12. 
The power from the standard Sagnac loop OEO is split and passes through a long fiber 
optic delay to perform both SIL and SPLL functions. The effect of the length of the long 
fiber delay is shown in Figure 3-13 for an injection ratio of -40dB and a short delay line of 
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100m for the main loop. This result shows the tradeoff that exists between close-in to 
carrier phase noise and the spurious oscillations. For this SILPLL topology, both the 
spacing and magnitudes of the spurious oscillations are affected by the long delay length. 
This difference is made clear by the case of the 1km delay line. The spurious oscillation 
magnitude is significantly reduced in comparison to both the 5km and 10km delay lines. 
The reason for this suppression is due to the loop bandwidth of the PLL. For the 1km delay 
line, the mode spacing of the spurious oscillation is smaller than the loop bandwidth. At 
the same time, the phase noise at 100Hz with the 1km delay line is about 20dBc/Hz higher 
than the 10km delay line. The 5km delay line yields a good tradeoff between the close-in 
to carrier phase noise and the spurious oscillation level and will be used to compare the 
bulk and PBG modulators as a result. 
 
 
Figure 3-12: Block diagram of phase modulator-based Sagnac loop SILPLL OEO. 
The PLL is shown in purple and the SIL is shown in green. 
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Figure 3-13: SSB phase noise of Sagnac loop SILPLL OEO with different long delay 
lengths 
 
 
 
The phase noise performance of the PBG and LN phase modulators can now be 
compared using this SILPLL model. The results of this comparison are shown in Figure 3-
14 for a 5km SIL/SPLL delay line. The phase noises at 1kHz, 10kHz, and 10MHz offset 
frequencies are compared in Table 3-5. A significant reduction in phase noise is observed 
with the use of the PBG phase modulator. This phase noise reduction is nearly flat across 
all offset frequencies. This difference is indicative of an improved system noise-to-signal 
ratio. The lower Vπ and optical insertion loss serve to reduce the noise-to-signal ratio in the 
OEO. The smaller half-wave voltage decreases the noise level in the system, while the 
lower optical insertion loss yields a larger signal power. 
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Figure 3-14: SSB phase noise of Sagnac loop SILPLL OEO with PBG and bulk 
phase modulators 
 
 
Table 3-5: Comparison of phase noise performance of LN and PBG phase 
modulators using Sagnac loop SILPLL OEO 
 1 kHz Offset 
(dBc/Hz) 
10 kHz Offset 
(dBc/Hz) 
10 MHz Offset 
(dBc/Hz) 
PBG -120.6 -149.6 -166.5 
EOSPACE 
Ultra-low Vπ 
-112.4 -141.5 -158.3 
EOSPACE 
Ultra-low loss 
-113.7 -142.8 -159.7 
 
 
 
 It is important to make the distinction between the models being used for the 
standard OEO and the SILPLL OEO. The standard OEO phase noise does not take into 
account the amplifier flicker noise, while the SILPLL OEO model does. The contribution 
of the flicker noise is therefore not present in the standard OEO model and results in an 
improved close-in to carrier phase noise performance. 
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3.4 Time Domain Analysis 
Now the time domain performance of the PM-based Sagnac loop standard OEO 
and SILPLL OEO will be explored. The reduction of phase noise achieved by the PBG PM 
has a significant effect on the time domain stability of the OEO. The stability measures 
being used to analyze the OEO time domain performance are the Allan deviation and phase 
jitter. The Allan deviation being calculated from the phase noise is only valid up to 1s 
sampling time [45]. The integrations for the Allan deviation were performed from 100Hz 
to 10MHz. The integrations for the timing jitter were performed from 100Hz to 20GHz 
offset frequencies in order to approximate the sampling clock input bandwidth of an 
analog-to-digital converter (ADC) that could follow the oscillator output [46]. The method 
used to calculate the Allan deviation and a discussion on the significance of the results is 
provided in Appendix C. The impact of the timing jitter on ADC performance is discussed 
in Appendix D. 
 The Allan deviations of the standard OEO for the PBG, EOSPACE Ultra-low Vπ, 
and EOSPACE Ultra-low loss phase modulators are shown in Figure 3-15. These results 
can be compared to the Allan deviations for the SILPLL OEO using the same modulators, 
which is given in Figure 3-16. The Allan deviations have a relationship much like that of 
the phase noises that result from using these modulators. For the standard OEO, the PBG 
PM is distinctly lower than both the EOSPACE ultra-low Vπ and ultra-low loss modulators, 
which have nearly identical performance. The relative results are similar for the SILPLL 
OEO, with a slightly larger difference in Allan deviation between the PBG and EOSPACE 
modulators. The Allan deviations for the SILPLL OEO is significantly lower than the 
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standard OEO. In particular, the PBG PM in the SILPLL OEO showed an improvement of 
5.03x10-12 over the PBG PM in the standard OEO for a 10ms time interval. 
 
 
 
Figure 3-15: Allan deviation of standard OEO for PBG and bulk phase modulators 
 
 
 
 
Figure 3-16: Allan deviation of SILPLL OEO for PBG and bulk phase modulators 
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The phase jitter, which is provided in Table 3-6, also shows these differences in 
time stability. The phase jitter with the PBG PM is 17.3fs less than the EOSPACE ultra-
low Vπ PM and is more than one half that of the EOSPACE ultra-low loss PM. There is 
also a significant difference between the phase jitter of the standard OEO and the SILPLL 
OEO. For the case of the PBG PM, there is a 31.4fs reduction in the phase jitter from the 
standard OEO to the SILPLL OEO. This difference is due to the large reduction in the 
spurious oscillation levels which is caused by the injection locking and phase-locked loop 
processes. 
 
 
Table 3-6: Comparison of phase jitter performance of LN and PBG phase 
modulators using standard and SILPLL OEO 
 
 Phase Jitter (fs) 
 Standard OEO SILPLL OEO 
PBG 42.6 11.2 
EOSPACE 
Ultra-low Vπ 
61.0 28.5 
EOSPACE 
Ultra-low loss 
58.9 24.6 
 
 
3.5 Chapter Summary 
This chapter shows the improvement of performance characteristics of the PBG 
based PM in comparison to the high-end commercially available LN phase modulators. 
The low Vπ figure of 2.17V combined with the low insertion loss of 1.6dB and large 
modulation bandwidth of 42.5GHz cause this PBG PM to outperform the EOSPACE 
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modulators in terms of OEO performance. The Sagnac loop topology has been incorporated 
into both the standard and SILPLL OEO models. Using the model of the Sagnac loop 
standard OEO, the simulated performance predicts a phase noise of -165.1 and -
167.1dBc/Hz at 10kHz and 10MHz offset frequencies, respectively. Improvements of 2.8 
and 3.1dBc/Hz at 10kHz offset from carrier were found for the PBG based PM compared 
to the EOSPACE ultra-low Vπ and ultra-low loss phase modulators, respectively. For the 
case of SILPLL, a more significant improvement was observed in the phase noise. The 
simulation results show a phase noise of -149.6 and -166.5dBc/Hz at 10kHz and 10MHz 
offset frequencies, respectively. At 10kHz offset frequency, an improvement of 8.1 and 
6.8dBc/Hz was found for the PBG based PM compared to the EOSPACE ultra-low Vπ and 
ultra-low loss phase modulators, respectively. In addition, there is a significant reduction 
in the magnitude of the spurious oscillations for the SILPLL OEO compared to the standard 
OEO largely due to the loop bandwidth of the PLL. This benefit comes with the tradeoff 
of close-in to carrier phase noise performance, as there is a notable degradation at 0.1 and 
1kHz offset frequencies. 
The overall phase noise contribution across all offset frequencies is found contained 
in the Allan deviation and timing jitter results. The Allan deviation at a sampling time of 
10ms for the PBG based PM in the SILPLL OEO was evaluated to be 1.80x10-12, with an 
improvement of 2.80x10-12 and 2.16x10-12 from the ultra-low Vπ and ultra-low loss phase 
modulators, respectively. The improvement in Allan deviation of the PBG based PM in the 
SILPLL OEO compared to the standard OEO was 31.4fs. A phase jitter of 11.2fs was 
achieved, improving on the ultra-low Vπ and ultra-low loss phase modulators by 17.3 and 
13.4fs, respectively. 
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The PBG based PM has outperformed the LN modulators in both the frequency and 
time domains for the standard OEO and SILPLL OEO. The close-in to carrier phase noise 
of the standard OEO outperformed the SILPLL OEO, but a significant reduction in the 
spurious oscillation level was achieved with the SILPLL OEO. As a result, the SILPLL 
OEO showed significant improvement over the standard OEO in terms of the Allan 
deviation and phase jitter. 
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CHAPTER 4: MACH-ZEHNDER MODULATOR AND OEO MODELING AND 
PERFORMANCE 
 
This chapter deals with the modeling of both bulk EO crystal and PBG based Mach-
Zehnder modulators and the modeling of these modulators in both the standard OEO and 
SILPLL OEO. The properties of the MZM are very similar to the PM, since the MZM is 
formed by using two phase modulators. All of the discussion of the material properties for 
the PM applies to the MZM. As a result, the same essential parameters must be acquired 
for the MZM. Those parameters being Vπ, modulation bandwidth, and optical insertion 
loss. As a result of these similarities, the OEO performance using MZM is the focus of this 
chapter. The OEO phase noise performance is discussed in section 4.1. The modeling of 
MZM-based standard OEO and SILPLL OEO are discussed in sections 4.1.1 and 4.1.2, 
respectively. Then a comparison of the performance of these models is presented in section 
4.2.3. A time domain analysis of these models is given in section 4.4. 
4.1 Mach-Zehnder Modulator-based OEO Modeling and Performance 
 While the physical principles are quite similar for both the PM and MZM, the 
topology of the OEO where they are being used are distinctly different. The primary 
difference being that no PM-IM conversion is necessary as in the case of the PM-based 
OEO. As a result, the MZM-based OEO is a much simpler system. The MZM does require 
a bias voltage, unlike the PM. This bias voltage is susceptible to changes due to pyro-
electric, photorefractive, and photoconductive phenomena. Therefore, the MZM-based 
OEO is more sensitive to the environment than the PM-based Sagnac loop OEO. 
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4.1.1 Mach-Zehnder Modulator-based Standard OEO 
 For this analysis, we start with the block diagram of the MZM-based standard OEO 
as shown in Figure 4-1. It is clear that this topology is much simpler than the standard OEO 
using a PM in a Sagnac loop (Figure 3-7). The light from the laser is fed into the MZM in 
addition to the RF signal resulting from the feedback loop. This RF signal modulates the 
intensity of the light and this IM signal is then passed through a long fiber optic delay line 
and the envelope of this signal is converted into an electrical signal by the PD. This 
electrical signal is then amplified so that the small-signal loop gain is larger than unity. 
Finally, the signal is passed through a BPF to eliminate as much undesired noise as 
possible. 
 
 
 
Figure 4-1: Mach-Zehnder modulator-based standard OEO. The blue lines show the 
optical path and the red lines show the RF path 
 
 
 
 Now, the performance of PBG and LN Mach-Zehnder modulators can be 
compared using the configuration of Figure 4-1. The performance characteristics of these 
various modulators is given in Table 4-1. Again, the EOSPACE modulators are selected 
due to their high performance among commercially available LN modulators. The optical 
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IL of the MZM is inevitably larger than that of the PM due to the losses that are suffered 
when splitting and recombining the light. There are also important distinctions to be 
made between the X-cut and Z-cut MZM topologies (Figure 2-5). The X-cut topology is 
practically chirp free due to the symmetry of the optical waveguides with respect to the 
hot and ground electrodes. The Z-cut topology typically experiences a chirp parameter of 
0.7. The Z-cut structure is able to achieve lower drive voltages due to the increased 
electric field flux in the optical waveguides. 
 
 
Table 4-1: Comparison of LN and PBG Mach-Zehnder modulators 
Modulator Vπ (V) RF Bandwidth 
(GHz) 
Optical IL (dB) 
PBG (Z-Cut) 
[42] 
2.17 42.5 2.6 
EOSPACE  
(Z-Cut) 
< 3.5 > 30 < 3 
EOSPACE  
(X-Cut) 
< 4.0 > 25 < 4 
 
 
 
 The SSB phase noise performance of each of the Mach-Zehnder modulators are 
shown in Figure 4-2. The parameters used in this simulation are as listed in Table 3-8 with 
the exception of the Sagnac loop loss, which is not present. The performance enhancement 
of the OEO due to the PBG MZM is made clear by the reduction of phase noise across all 
offset frequencies. The main contributor to the reduction in phase noise is the reduced Vπ 
of the PBG MZM. The improved slope-efficiency of the modulator effectively reduces the 
noise floor of the system. For the results of Figure 4-2, the modulators were all biased at 
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the quadrature point (Vπ/2). At this bias point, the magnitude of the slope of the MZM 
transfer function is maximized, which is to say the modulation efficiency is maximized. 
 
 
 
Figure 4-2: SSB phase noise of standard OEO with PBG and bulk Mach-Zehnder 
modulators 
 
 
 
This effect is illustrated in Figure 4-3 where the quadrature bias points are marked 
for each case of Vπ. To show that it is optimal to operate at the quadrature bias point, a time 
domain simulation was performed with a linear bias drift profile as shown in Figure 4-4. 
The drive voltage used is 2V and thus the quadrature bias point is 1V. A 50Hz sinusoid 
was used as the modulation signal in order to show the details of the intensity signal. The 
same effects are experienced for any modulation signal within the modulation bandwidth. 
As the bias voltage deviates from the quadrature point, the modulation depth decreases. In 
the extreme case, the signal is heavily clipped and distorted. The end result of bias drift is, 
in effect, an increased Vπ. This result agrees with the effect that is observed when bias drift 
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is simulated in the OEO as in Figure 4-5. It is clear that the noise floor increases as the bias 
voltage deviates from the quadrature point. Across all offset frequencies, there is a constant 
difference in phase noise among the cases of quadrature and non-quadrature biasing. This 
difference is caused by the reduction in MZM output power as dictated by the MZM 
transfer function. 
 
 
 
Figure 4-3: Normalized MZM optical output and magnitude of the transfer function 
slope versus bias voltage for Vπ = 2V 
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Figure 4-4: Normalized MZM optical output envelope for 50Hz modulation signal 
with linear bias voltage drift from 0V to Vπ 
 
 
 
 
Figure 4-5: SSB phase noise for PBG MZM with different bias voltages 
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4.1.2 Mach-Zehnder Modulator-based SILPLL OEO  
The block diagram of the MZM-based SILPLL OEO is shown in Figure 4-6. 
Contrary to the case of the PM-based SILPLL OEO, the SPLL control signal is used to 
adjust the bias of the MZM rather than the BPF. While the control signal can still be used 
for BPF control, it has been demonstrated to be less effective in reducing phase noise [36]. 
Using this configuration, the SSB phase noise is simulated for the PBG and LN MZMs as 
shown in Figure 4-6. The phase noise at 1kHz, 10kHz, and 10MHz offset frequencies are 
compared in Table 4-2. The relative phase noise for each of the cases shown are similar to 
that of the standard OEO. The change in the noise-to-signal ratio is apparent amongst the 
PBG and EOSPACE Mach-Zehnder modulators. Accordingly, the PBG MZM exhibited 
the best phase noise performance across all offset frequencies. 
 
 
 
Figure 4-6: Block diagram of SILPLL OEO using a Mach-Zehnder modulator. The 
blue lines show the optical path and the red lines show the RF path 
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Figure 4-7: SSB phase noise of SILPLL OEO using PBG and bulk Mach-Zehnder 
modulators 
 
 
Table 4-2: Comparison of phase noise performance of LN and PBG Mach-
Zehnder modulators using SILPLL OEO 
 
 1 kHz Offset 
(dBc/Hz) 
10 kHz Offset 
(dBc/Hz) 
10 MHz Offset 
(dBc/Hz) 
PBG -117.8 -146.9 -163.8 
EOSPACE  
(Z-Cut) 
-114.9 -144.0 -160.9 
EOSPACE  
(X-Cut) 
-111.9 -141.0 -157.9 
 
 
4.2 Time Domain Analysis 
Now the time domain performance of the MZM-based standard OEO and SILPLL OEO 
will be explored. The Allan deviations of the standard OEO for the PBG, EOSPACE Z-
cut, and EOSPACE X-cut Mach-Zehnder modulators are shown in Figure 4-8. These 
results can be compared to the Allan deviations for the SILPLL OEO using the same 
modulators, which is given in Figure 4-9. The relation amongst each of the three 
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modulators remains the same for both the standard and SILPLL OEO. The PBG MZM 
shows the least frequency sensitivity with respect to time. The difference between the 
standard and SILPLL OEO is significant. There is nearly one order of magnitude difference 
in Allan deviation between these two oscillators. The suppression of the spurious 
oscillations in the SILPLL OEO is what causes such a drastic difference in the oscillator 
frequency stability over time. 
 
 
 
Figure 4-8: Allan deviation of standard OEO for PBG and bulk Mach-Zehnder 
modulators 
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Figure 4-9: Allan deviation of SILPLL OEO for PBG and bulk Mach-Zehnder 
modulators 
 
 
 These distinct differences are also reflected in the phase jitter, which is provided in 
Table 4-3. The phase jitter with the PBG MZM is 6.1fs less than the EOSPACE Z-cut 
MZM and is nearly one half that of the EOSPACE X-cut MZM. There is also a significant 
difference between the phase jitter of the standard OEO and the SILPLL OEO. For the case 
of the PBG MZM, there is a 59.5fs reduction in the phase jitter from the standard OEO to 
the SILPLL OEO. This difference is due to the large reduction in the spurious oscillation 
levels which is caused by the injection locking and phase-locked loop processes. 
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Table 4-3: Comparison of phase jitter performance of LN and PBG Mach-
Zehnder modulators using standard and SILPLL OEO 
 Phase Jitter (fs) 
 Standard OEO SILPLL OEO 
PBG 74.8 15.3 
EOSPACE  
(Z-Cut) 
105.4 21.4 
EOSPACE  
(X-Cut) 
151.5 30.2 
 
 
4.3 Chapter Summary 
Through the analytical results presented in this chapter, the superior performance 
of the PBG based MZM has been demonstrated. The simulated performance using the PBG 
based MZM predicts phase noise of -152.4 and 154.4dBc/Hz at 10kHz and 10MHz offset 
frequencies, respectively. For the standard OEO, the improvements observed for the PBG 
based MZM were 5.9 and 3.7dBc/Hz at 10kHz offset over the EOSPACE X-cut and Z-cut 
modulators, respectively. The PBG based MZM yielded a larger improvement in phase 
noise in the SILPLL OEO. The simulation results show a phase noise of -146.9 and -
163.8dBc/Hz at 10kHz and 10MHz offset frequencies, respectively. The improvements 
here were 8.1 and 5.0dBc/Hz at 10kHz offset compared to the X-cut and Z-cut Mach-
Zehnder modulators, respectively. 
The timing jitter and Allan deviation more clearly show the advantage of the 
SILPLL OEO over the standard OEO. The Allan deviation at a sampling time of 10ms for 
the PBG MZM was found to be 2.47x10-12, with an improvement of 2.40x10-12 and 
0.98x10-12 from the X-cut and Z-cut Mach-Zehnder modulators, respectively. The 
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improvement in Allan deviation of the PBG based MZM in the SILPLL OEO compared to 
the standard OEO was 59.5fs. A phase jitter of 15.3fs was achieved, improving on the X-
cut and Z-cut Mach-Zehnder modulators by 14.9fs and 6.1fs, respectively. The PBG based 
PM has outperformed the LN modulators in both the frequency and time domains for the 
standard OEO and SILPLL OEO. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
5.1 Thesis Summary 
Simulated results of the performance variations of both the standard OEO and the 
SILPLL OEO have been shown for the PBG based EO polymer and the conventional LN 
based phase and Mach-Zehnder modulators. The close-in to the carrier phase noise was 
quantified analytically based on gain and noise figure of fiber optic delay lines. Analytical 
modeling of close-in to the carrier phase noise for the forced ILPLL OEOs were compared 
for PBG based EO polymer and LN based phase and intensity modulators. The Sagnac 
loop topology was proposed and incorporated into this model as a method of performing 
the PM-IM conversion necessary for the use of the PM in the OEO. The essential 
characteristics of the PBG and bulk modulators have been analytically modeled to show 
the effect in terms of both Vπ and modulation bandwidth. Due to the enhancement of the 
EO coefficient, r33, the improvement of Vπ and modulation bandwidth has been shown to 
be simultaneously realizable. 
Through the use of the optimized PBG PM as designed by Kevin Receveur [42] 
and the commercially available LN modulators from EOSPACE, the standard OEO and 
SILPLL OEO using the Sagnac loop were analytically modeled and simulated. The use of 
these modulators in the simulations will facilitate the experimental verification of the 
results presented in this thesis. The OEO using the PM in a Sagnac loop is a robust design 
that is resistant to environmental perturbations. The PM has no bias voltage and therefore 
does not experience a bias drift like the MZM. Furthermore, the near symmetry of the 
Sagnac loop causes any perturbations experienced by the fibers making up both sides of 
the loop to affect them both, thus maintaining the symmetry. 
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In an experimental demonstration of SILPLL by Zhang et al., a phase noise of -
108dBc/Hz was measured at 10kHz offset frequency [3]. In this experiment, the MZM has 
a Vπ of 7V, the laser RIN is -150dB/Hz, and the MZM output optical power is about 0dBm. 
The NF of this fiber optic link is about 60dB, which is a significant contribution to the total 
system noise. The simulated performance of the standard OEO using the Sagnac loop and 
PBG based PM predicts phase noise of -165.1 and -167.1dBc/Hz at 10kHz and 10MHz 
offset frequencies, respectively. Improvements of 2.8dB and 3.1dB at 10kHz offset from 
carrier were found for the PBG PM compared to the EOSPACE ultra-low Vπ and ultra-low 
loss phase modulators, respectively. For the case of the SILPLL OEO, a more significant 
improvement was made in the phase noise through the use of the PBG based PM. The 
simulation results show a phase noise of -149.6 and -166.5dBc/Hz at 10kHz and 10MHz 
offset frequencies, respectively. At 10kHz offset frequency, an improvement of 8.1dB and 
6.8dB was found for the PBG based PM compared to the EOSPACE ultra-low Vπ and ultra-
low loss phase modulators, respectively. In addition, there is a significant reduction in the 
magnitude of the spurious oscillations for the SILPLL OEO compared to the standard OEO 
largely due to the loop bandwidth of the PLL. This benefit comes with the tradeoff of close-
in to carrier phase noise performance, as there is a notable degradation at 0.1 and 1kHz 
offset frequencies. The degradation here is not enough to outweigh the benefits in terms of 
Allan deviation and phase jitter. The Allan deviation at a sampling time of 10ms for the 
PBG based PM in the SILPLL OEO was evaluated to be 1.80x10-12, with an improvement 
of 2.80x10-12 and 2.16x10-12 from the ultra-low Vπ and ultra-low loss phase modulators, 
respectively. The improvement in Allan deviation of the PBG based PM in the SILPLL 
OEO compared to the standard OEO was 31.4fs. A phase jitter of 11.2fs was achieved, 
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improving on the ultra-low Vπ and ultra-low loss phase modulators by 17.3fs and 13.4fs, 
respectively. 
For the case of the PBG based MZM in the standard OEO, the simulated 
performance predicts phase noise of -152.4 and -154.4dBc/Hz at 10kHz and 10MHz offset 
frequencies, respectively. The improvements observed for the PBG based MZM were 
5.9dB and 3.7dB at 10kHz offset over the EOSPACE X-cut and Z-cut, respectively. As 
was the case for the PM, the PBG MZM yielded a larger improvement in phase noise in 
the SILPLL OEO. The simulation results show a phase noise of -146.9 and -163.8dBc/Hz 
at 10kHz and 10MHz offset frequencies, respectively. The improvements here were 8.1dB 
and 5.0dB at 10kHz offset compared to the X-cut and Z-cut Mach-Zehnder modulators, 
respectively. The Allan deviation at a sampling time of 10ms for the PBG MZM was found 
to be 2.47x10-12, with an improvement of 2.40x10-12 and 0.98x10-12 from the X-cut and Z-
cut Mach-Zehnder modulators, respectively. The improvement in Allan deviation of the 
PBG based MZM in the SILPLL OEO compared to the standard OEO was 59.5fs. A phase 
jitter of 15.3fs was achieved, improving on the X-cut and Z-cut Mach-Zehnder modulators 
by 14.9fs and 6.1fs, respectively. 
The reduced Vπ and optical insertion loss of the PBG based PM and MZM serve to 
reduce the OEO noise figure. As the noise floor of the system is decreased, there is a 
significant effect on the resulting phase noise across all offset frequencies. These results 
show an exciting opportunity for the performance enhancement of opto-electronic 
oscillators using photonic bandgap based modulators. 
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5.2 Recommendations for Future Work 
5.2.1 Experimental Verification 
 In order to verify the analytical simulations performed in this thesis, an experiment 
must be performed and compared to these results. The experimentation relies on the 
manufacturing of the PBG based PM and MZM. Once the design presented in [42] is 
prepared for manufacturing and is built, the devices can be used in the OEO designs 
presented in this thesis. Both modulators must first be characterized in terms of their Vπ, 
modulation bandwidth, and optical insertion loss. Then these measured parameters can be 
input into the code presented in Appendix E in order to see the simulated performance with 
the true parameters. The commercially available EOSPACE modulators used in the 
modeling of this thesis can be used as a point of comparison to high-performing LN 
modulators. By using these high-quality modulators to compare to the PBG modulators, 
the performance enhancement of the OEO frequency and time domain characteristics can 
be analyzed and compared to the results of this thesis. 
5.2.2 PM-IM Conversion using Fiber Bragg Grating  
One method of PM-IM conversion that has received much attention in research is 
the FBG. By using the slope of the filter, the spectrum of the phase modulated signal can 
be converted into an intensity modulated one. A schematic of one such microwave photonic 
filter (MPF) is shown in Figure 5-1 [47]. This method will provide some enhancement to 
the Q of the fiber optic link, but will also cause some asymmetry in the output spectrum of 
the OEO. The use of the FBG causes the electrical BPF to become unnecessary as the 
filtering function is performed simultaneously with the PM-IM conversion. The operating 
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principle of the MPF is shown in Figure 5-3. Much of the focus of using FBG in the OEO 
has been on achieving frequency tuning (using phase-shifted FBG) [35,47-49]. However, 
it is certainly possible to use a fixed passband FBG for the fixed frequency OEO 
application. 
 
 
 
Figure 5-1: Schematic of a microwave photonic filter using fiber Bragg gratings [47] 
 
 
 
Figure 5-2: Illustration of the microwave photonic filter operation. (a) 
Reflection and phase spectra of the phase-shifted fiber Bragg grating. (b) Frequency 
response of the microwave photonic filter [35]  
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APPENDICES 
 
APPENDIX A: ANALYSIS OF SAGNAC LOOP DISTORTION 
 
 In this Appendix, the distortion of the Sagnac loop output is discussed. As the input 
RF power is increased, the non-linear behavior of the Sagnac loop output is observed as 
shown in Figure A-1. A 10GHz RF signal is being used to modulate the optical carrier as 
it travels through the Sagnac loop. It should be noted that when the Sagnac loop is being 
used as part of an OEO, the input RF power is not expected to exceed 10dBm. This effect 
is shown as part of the Sagnac loop analysis. The distortion starts to become present around 
15dBm input power. All of the OEO simulations performed in this thesis use an input RF 
power of 5dBm and are therefore acting in the linear region of operation. Once the input 
RF power reached 15dBm, the Sagnac loop starts to lose efficiency as the output power at 
the desired modulation frequency decreases since the power is lost in the harmonic 
frequency components. Figure A-2 shows a significant loss of power to the 30GHz 
frequency component for the 20dBm input signal. Even with 5dBm more input power than 
the 15dBm case, the output power at 10GHz is nearly the same.  
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Figure A-1: Output power of Sagnac loop versus time for varying input RF power 
 
 
 
Figure A-2: Fast Fourier transform of the Sagnac loop output power for varying RF 
power 
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APPENDIX B: COMPARISON OF FIBER OPTIC LINK TOPOLOGIES 
 
 This appendix discusses the fiber optic link gain, noise figure, and noise floor 
associated with both a MZM based link and a Sagnac loop based link. The noise floor of 
the fiber optic link determines the lower limit for the phase noise of the OEO. The link 
gains, noise figures, and noise floors for the Sagnac loop and MZM based links are given 
in Table B-1 and Table B-2, respectively, for the PBG and LN based modulators. The noise 
floor is calculated as the frequency independent term in the residual phase noise. The noise 
floor is therefore given by 
 
𝑁𝑜𝑖𝑠𝑒 𝐹𝑙𝑜𝑜𝑟 (
𝑑𝐵𝑐
𝐻𝑧
) =
𝑘𝑇𝐹
𝐺𝑙𝑖𝑛𝑘𝑃𝑖𝑛,𝑅𝐹
   (B.1) 
 
 
where 𝐺𝑙𝑖𝑛𝑘 is the gain of the fiber optic link. 
 The noise floor values that are presented here are consistent with the results of the 
SILPLL OEO modeling. These models show that the phase noise of the OEO reaches the 
noise floor at about 1MHz. The power of the SSB phase noise for frequencies greater than 
1MHz is equivalent to the value of noise floor presented here less 3dB since the SSB phase 
noise has half of the power of the total phase noise. These results reinforce the impact of 
the PBG modulators on the overall phase noise performance. The low Vπ combined with 
the low loss cause the link gain to increase and the link noise figure to decrease. As is made 
clear by (B.1), the noise floor of the system is reduced and the result is a lower phase noise. 
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Table B-1: Comparison of Sagnac loop based link parameters for PBG and LN 
based phase modulators  
 
 PBG EOSPACE Ultra-
low Vπ 
EOSPACE Ultra-
low Loss 
Gain (dB) 1.11 0.31 0.41 
Noise Figure (dB) 15.5 18.1 18.0 
Noise Floor 
(dBc/Hz) 
-164.0 -155.8 -157.1 
 
 
Table B-2: Comparison of Mach-Zehnder modulator based link parameters for 
PBG and LN based modulators 
 PBG EOSPACE Z-cut EOSPACE X-cut 
Gain (dB) 1.12 0.75 0.45 
Noise Figure (dB) 18.3 19.4 20.2 
Noise Floor 
(dBc/Hz) 
-161.2 -158.3 -155.3 
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APPENDIX C: ALLAN DEVIATION ANALYSIS 
 This appendix covers the method used to calculate the Allan deviation in addition 
to a discussion on the significance of these results. The Allan variance the square of the 
Allan deviation and is related to the PSD of the fractional frequency fluctuations of the 
OEO, 𝑆𝑦(𝑓𝑚), by the following [45] 
 
 
   𝜎𝑦
2(𝜏) = 2 ∫ 𝑆𝑦(𝑓𝑚)
sin4(𝜋𝜏𝑓𝑚)
(𝜋𝜏𝑓𝑚)2
𝑑𝑓𝑚 
𝑓ℎ
0
  (C.1) 
 
 
 
where 𝜎𝑦
2(𝜏) is the Allan variance, 𝑓ℎ is the high frequency cutoff of a low pass filter if one 
exists, 𝜏 is the sampling time, and 𝑓𝑚 is the offset frequency. The magnitude of the Allan 
deviation indicate the frequency stability of the OEO in time. That is to quantify the 
frequency variations in a given time interval. By multiplying the Allan deviation by the 
oscillation frequency, the root-mean-square (RMS) frequency variation can be determined. 
For example, the Allan deviation for the PBG PM in the Sagnac loop SILPLL is 1.80x10-
12 for a 10ms sampling time. That translates to an RMS frequency deviation of 18mHz. 
 In addition, the slope of the Allan deviation can indicate the dominant type of noise 
in the OEO. Table C-1 shows the relationship between different types of noise, 𝑆𝑦(𝑓), and 
𝜎𝑦
2(𝜏). By these relations, it is concluded that the dominant type of noise in all of the OEO 
simulations performed is both flicker PM noise and white PM noise since the Allan 
deviations all vary at a rate of 𝜏−2. 
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Table C-1: Relationship between noise types, Allan variation, and PDF of frequency 
fluctuations  
 
Noise Type 𝝈𝒚
𝟐(𝝉) 𝑺𝒚(𝒇) 
Random Walk of 
Frequency (FM) 
𝜏1 𝑓−2 
Flicker FM 𝜏0 𝑓−1 
White FM 𝜏−1 𝑓0 
Flicker of Phase (PM) 𝜏−2 𝑓−1 
White PM 𝜏−2 𝑓2 
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APPENDIX D: IMPACT OF CLOCK JITTER ON ADC PERFORMANCE 
 The timing jitter of the OEO has a significant impact on the SNR of the ADC when 
the OEO output is used as the clock signal. The ADC SNR limits are plotted versus timing 
jitter in Figure D-1 for various clock frequencies. It is apparent that a reduction in jitter by 
a factor of 10 increases the SNR by 20. For example, the predicted jitter of the Sagnac loop 
based SILPLL OEO using the PBG based PM is 11.2fs compared to 28.5fs for the 
EOSPACE ultra-low Vπ PM. The resulting ADC SNR limit is 31.5 for the PBG based PM 
and 27.5 for the ultra-low Vπ PM. A SNR reduction of 4 is significant and shows the effect 
of the reduced jitter for the ADC application. It is essential to reduce the jitter of the clock 
source as much as possible in order to allow for the accurate conversion of the input signal. 
 
Figure D-1: ADC SNR versus jitter for various clock frequencies 
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APPENDIX E: MATLAB OEO PHASE NOISE, ALLAN DEVIATION, AND 
TIMING JITTER MODELING 
 
 
Below shows an example MATLAB code used to obtain the OEO phase noise, 
Allan deviation, and timing jitter. This code follows the modeling methods covered in 
Chapter 3. 
OEO Modeling 
q=1.6e-19; % Elementary charge 
k=1.38e-23; % Boltzmann constant in J/K 
T=290; % Room temperature in K 
n=1.444; % Refractive index of fiber delay line 
Lf=100; % Length of delay line in m 
c=3e8; % Speed of light in vacuum in m/s 
fo=10e9; % Oscillation frequency in Hz 
 
td=Lf*n/c; % Time delay of delay line in s 
fm=logspace(2,7,1e3); % Offset frequency in Hz 
wm=2*pi*fm; % Angular offset frequency in rad 
s=1j*wm; % Fourier offset frequency 
QL=2*pi*fo*td; 
 
fc=1e6; % Flicker noise corner frequency (Hz) 
FdB=1.5; % RF amplifier noise factor (dB) 
F=10^(FdB/10); 
 
Rs=50; % Assume all the components are matched to 50 Ohm 
ILm_dB=-1.6; % Modulator optical insertion loss in dB 
ILm=10^(ILm_dB/10); % Modulator optical insertion loss linear scale 
Pi_dBm=15; % Input optical power in dBm 
Pi=10^(Pi_dBm/10); % Input optical power in mW 
 
PSi_dBm=5; % Input RF signal in dBm 
PSi=10^(PSi_dBm/10); % Input RF signal in mW 
Vs=sqrt(PSi/1000*4*Rs)/sqrt(2); % Voltage of input RF signal 
Vm=Vs/2; % Voltage at the end of RF electrode 
rd=0.7/1000; % Photodetector responsivity in A/mW 
Vb=0; % MZM bias away from quadrature point (unused for PM) 
Vpi=2.17; % Falf wave voltage of modulator 
a=-0.3; % Fiber attenuation in dB/km 
 
Lfkm=Lf*1e-3; % Fiber length in km 
Td_dB=a*Lfkm; % Loss due to fiber delay in dB 
Td=10.^(Td_dB/10); % Loss due to fiber delay in linear scale 
 
Ls_dB=-6; % Loss of Sagnac loop in dB 
Ls=10^(Ls_dB/10); 
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phiS=pi/2; % Phase shift of non-reciprocal phase shifter (NRPS) 
 
% Output optical power for Sagnac in mW 
PoS=0.5*Ls*Pi*ILm*(1-cos((pi*Vm)/Vpi+phiS)); 
 
% PM RF and DC currents 
id=Td*PoS*rd*pi; % Signal current in A 
iD=Td*Pi*Ls*ILm*rd; % DC photo current in A 
 
% MZM RF and DC currents 
id=0.5*Pi*ILm*Td*rd*(1+sin(pi*(Vb+Vm)/Vpi)); % Signal current in A 
iD=0.5*Pi*ILm*Td*rd*(1+sin(pi*Vb/Vpi)); % DC photo current in A 
 
 
Po=id.^2*Rs*1000; % Generated RF signal in mW 
Po_dBm=10*log10(Po); 
 
% Residual phase noise 
Rdc=50; % Photodetector termination impedance in Ohms 
Pdc=iD.^2*Rdc; % Optical DC power 
 
RIN_dB=-160; % Laser RIN in dB/Hz 
RIN=10^(RIN_dB/10); 
Nrin=iD^2*Rdc*RIN*1e3; % RIN noise power in mW/Hz 
Nrin_dBm=10*log10(Nrin); % RIN noise power in dBm/Hz 
 
Nshot=iD*2*q*Rdc*1e3; % Shot noise power in mW/Hz 
Nshot_dBm=10*log10(Nshot); 
 
Fth=4; % Thermal noise figure 
Nth=Fth*k*T*F*1000; % Thermal noise in mW/Hz 
Nth_dBm=10*log10(Nth); 
 
Ppd_dBm=Po_dBm; % RF power after photodetector in dBm 
Ppd=10^(Ppd_dBm/10); % RF power after photodetector in mW 
Nadd=Nrin+Nshot+Nth; % Additive noise in mW/Hz 
 
b0=Nadd/Ppd; % Addative noise floor 
bn1_dB=-120; % Flicker noise constant of RF amplifier in dBrad^2 
bn1=10^(bn1_dB/10); 
Standard OEO Phase Noise 
% Yao-Maleki Equation 
tauOEO=td; 
GA_dB=PSi_dBm-Ppd_dBm; % RF amplifier gain (for small-signal gain >= 1) 
GA=10^(GA_dB/10); 
delta=Nadd*GA/Ppd; % Noise to signal ratio 
denom=2-delta/tauOEO-2*sqrt(1-delta/tauOEO).*cos(2*pi*fm*tauOEO); 
S_OEO=abs(delta./denom); % Yao-Maleki Equation 
L_OEO=10*log10(S_OEO); %SSB phase noise of standard OEO in dBc/Hz 
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Self Injection Locking (SIL) 
Lf_SIL=5e3; % SIL fiber length 
tauSIL=n*Lf_SIL/c; % SIL fiber delay 
rho=0.01; % Injection strength sqrt(Pi/Po) 
QL_SIL=2*pi*fo*tauSIL; % Q based on SIL delay line 
w3dB=pi*fo/1000; 
B=rho*w3dB; % Injection locking range 
BW=1; % Bandwidth being considered in Hz 
 
Glink_dB=Po_dBm-PSi_dBm; % Link gain in dB 
Glink=Po/PSi; 
FOEO=(Nadd/1000)/(k*T*BW*Glink); % OEO noise figure 
FOEO_dB=10*log10(FOEO); 
 
noiseCoeff=(k*T*BW*FOEO)/(2*Ppd/1000); % Coefficient to Sn1 and Sn2 
 
Sn1=noiseCoeff.*(fc./fm+1); % Input phase noise 
Sn2=noiseCoeff.*(fm.^-3.*(fo^2*fc/(4*QL_SIL^2))+... 
    fm.^-2.*(fo^2/(4*QL_SIL^2))+fc./fm+1); % Oscillator phase noise 
Self Phase Locked Loop (SPLL) 
Lf_PLL=5e3; % Fiber length used in PLL (m) 
tauPLL=n*Lf_PLL/c; % PLL fiber delay (s) 
Ko=2*pi*0.2e6; % VCO tuning efficiency (rad/V) 
Kd=0.01; % Phase detector sensitivity (V/rad) 
 
% LPFA in PLL Transfer Function 
R1=50; 
R2=1e3; 
C=4.7e-9; 
tau1=R1*C; 
tau2=R2*C; 
w2=1/(R2*C); 
GBP=30e6; % Gain-bandwidth product of the opamp 
w3=2*pi*(R1/(R1+R2))*GBP; 
GDC=R2/R1; % DC voltage gain 
 
Fs=GDC*(s+w2)./(s.^2/w3+s); % LPFA transfer function 
G=Ko*Kd.*Fs; % % PLL transfer function 
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Self Injection Locking Phase Locked Loop (SILPLL) 
He=(B+G)./(s+B.*(1-exp(-s.*tauSIL))+G.*(1-exp(-s.*tauPLL))); 
Hf=s./(s+B.*(1-exp(-s.*tauSIL))+G.*(1-exp(-s.*tauPLL))); 
 
S_SILPLL=abs(He).^2.*Sn1+abs(Hf).^2.*Sn2; 
L_SILPLL=10*log10(S_SILPLL); % SSB phase noise of SILPLL OEO in dBc/Hz 
Allan Variance 
Sy=2*((fm).^2./(10e9)^2).*S_SILPLL; 
 
M=1000; 
tau=logspace(-3,0,M); 
 
% Allan variance calculation 
for t=1:numel(tau) 
    integrand=Sy.*sin(pi.*tau(t).*fm).^4./(pi.*tau(t).*fm).^2; 
    integrand(isinf(integrand))=0; 
    ct=2.*cumtrapz(fm,integrand); 
    avar(t)=ct(end); 
end 
 
% Modified Allan variance calculation 
m=1:1000; 
tau0=1e-3; 
taum=m.*tau0; 
for t=1:numel(taum) 
    integrand=Sy.*sin(pi.*taum(t).*fm).^6./(fm.^2.*sin(pi*tau0.*fm).^2); 
    integrand(isinf(integrand))=0; 
    ct=cumtrapz(fm,integrand); 
    modAvar(t)=2*ct(end)/(m(t)^4*pi^2*tau0^2); 
end 
Timing Jitter 
integrand=S_SILPLL; 
ct=cumtrapz(fm,integrand); 
JRMS=sqrt(2*ct(end))/(2*pi*fo); 
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APPENDIX F: LIST OF SYMBOLS 
 
Symbols Description 
B Injection locking loop gain 
BPF Bandpass filter 
BW Bandwidth 
CCW Counter-clockwise 
CW Clockwise 
DLFD Delay line frequency discriminator 
DRO Dielectric resonator oscillator 
EMI Electromagnetic interference 
EO Electro-optic 
fc Flicker corner frequency 
fm Offset frequency 
fosc Oscillation frequency 
F Noise figure 
FO Fiber optic 
G Phase locking loop gain 
GA RF amplifier voltage gain 
Gs Small signal open loop gain 
GaAs Gallium Arsenide 
IL Insertion loss 
IM Intensity modulator 
Kd PLL phase detector gain 
Ko PLL VCO tuning sensitivity 
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KDP Potassium dihydrogen phosphate 
Lf Length of fiber optic delay line 
LS Loss of Sagnac loop 
LPFA Low pass filter-amplifier 
LN Lithium Niobate 
MZI Mach-Zehnder interferometer 
MZM Mach-Zehnder modulator 
NRPS Non-reciprocal phase shifter 
OC Optical coupler 
OEO Opto-electronic oscillator 
Q Quality factor 
Pin Input optical power 
PBG Photonic bandgap 
PC Polarization controller 
PCW Photonic crystal waveguide 
PD Photodetector 
PhC Photonic crystal 
PLL Phase locked loop 
PM Phase modulator 
PM-IM Phase modulation to intensity modulation 
PSD Power spectral density 
RF Radio frequency 
RoF Radio over fiber 
S(fm) Power spectral density of phase 
SIL Self-injection locking 
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SILPLL Self-injection locked and phase locked loop 
SPLL Self-phase locked loop 
SSB Single sideband 
VB Bias voltage 
Vπ Half-wave voltage 
VCO Voltage controlled oscillator 
δ Noise-to-signal ratio 
ε Injection strength 
τ Time delay associated with an optic fiber 
τd,SIL Time delay of the fiber used in self-injection locking 
τd,SPLL Time delay of the fiber used in self-phase locked loop 
ωm Offset angular frequency 
  
  
  
  
 
 
 
